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SUMMARY 


Here,  we  report  on  our  progress  in  understanding  the  ultrafast 
kinetics  of  high-density,  hot  electron-hole  plasmas  generated  in  semi- 
conductors by  intense  picosecond  pulses  from  mode- locked  lasers.  This 
report  covers  the  contract  period  1 September  1978  to  31  August  1979. 

Previous  contract  periods  (1  September  1976  to  30  August  1978)  are 
covered  in  detail  in  previous  annual  summary  reports. 

Intense  ultrashort  optical  pulses  having  durations  of  a few  pico- 

g 

seconds  and  peak  powers  of  10  watts  can  be  readily  generated  by  mode- 
locking Nd-glass  lasers . The  extremely  high  power  and  short  duration 
of  pulses  from  these  lasers  make  possible  the  study  of  the  saturable 
optical  transmission  properties  and  hot  electron  dynamics  of  semiconduc- 
tors on  a picosecond  time  scale.  Generally,  we  have  employed  the  excite 
and  probe  technique  in  these  studies.  The  studies  have  provided  direct 
information,  concerning  ultrafast  electronic  processes. 

Specifically,  in  the  studies  of  interest  here,  the  sample  is  first 
irradiated  by  an  11  psec  excite  pulse  at  1.06  pm.  The  absorption  of  the 
excite  pulse  creates  a large,  rapidly  evolving,  nonequilibrium  carrier  dis- 
tribution that  changes  the  transmission  properties  of  the  sample.  This 
initial  pulse  is  then  followed  at  various  time  delays  by  a weak  probe  pulse 
of  the  same  wavelength  that  monitors  the  evolution  of  the  enhanced  germanium 
transmission  with  time.  A graph  of  the  probe  pulse  transmission  versus  time 
exhibits  two  distinct  features.  The  first  is  a rapid  rise  and  fall  in  the 
probe  transmission.  This  narrow  spike  in  probe  transmission  is  approximately 
two  picoseconds  wide  and  is  centered  about  zero  delay.  This  spike  is  followed 
by  a gradual  rise  and  fall  of  the  probe  transmission  lasting  hundreds  of  pico- 
seconds . 
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At  the  beginning  of  this  contract  period  there  were  at  least  two 
possible  explanations  for  the  narrow  spike  in  probe  transmission  and  three 
explanations  for  the  slower  rise  and  fall  in  probe  transmission  lasting 
hundreds  of  picoseconds.  The  narrow  spike  in  probe  transmission  centered 
about  zero  delay  had  been  attributed  (1)  to  a parametric  scattering  of 
the  excite  beam  into  the  probe  beam  path  by  a grating  formed  in  the  ger- 
manium by  the  interference  of  the  two  pulses  near  zero  delay  and  (2)  to 
state-filling  and  band-gap  narrowing.  The  slow  rise  in  probe  transmission 
had  been  attributed  (1)  to  band-filling,  (2)  to  a cooling  of  a hot  carrier 
distribution  created  by  direct  absorption  of  the  excite  pulse,  or  (3)  to 
Auger  recombination  combined  with  an  absorption  versus  carrier  density  re- 
lationship containing  a minimum.  In  our  last  renewal  proposal,  we  suggested 
experiments  designed  to  determine  the  origins  of  the  narrow  spike  and  the 
broad  structure  in  probe  transmission. 

In  this  report,  we  summarize  the  results  of  these  separate  studies  that 
(1)  demonstrate  that  the  slow  rise  in  probe  transmission  at  100  K is  not  an 
integration  effect  caused  by  band-filling,  (2)  indicate  t1  t this  slow  rise 
is  not  caused  by  carrier  recombination  combined  with  an  absorption  vs.  den- 
sity curve  containing  a minimum,  (3)  provide  evidence  that  the  narrow  spike 
at  zero  delay  is  a correlation  effect,  and  (4)  use  laser— induced  grating 
techniques  to  separate  and  measure  the  effects  of  carrier  diffusion  and  car- 
rier recombination  at  high  carrier  densities. 


I.  INTRODUCTION  AND  REVIEW 


In  the  past  half  decade,  studies  of  the  optical  properties  of  high- 

dersity  electron-hole  plasmas  generated  in  undoped  semiconductors  by  the 

direct  absorption  of  intense,  ultrashort  pulses  from  mode-locked  lasers 

have  provided  direct  information  concerning  ultrafast  electronic  pro- 
1-18 

cesses.  Generally,  early  experimental  studies  in  this  area  employed 
mode-locked  pulses  from  a Nd-glass  laser  as  an  excitation  source  to  gen- 
erate the  electron-hole  plasma.  This  source  produces  optical  pulses  that 
are  approximately  10  psec  in  duration  and  that  often  have  peak  powers  in 

g 

excess  of  10  watts  at  a wavelength  of  1.06  yin.  These  pulses  when  focused 

on  the  surface  of  a thin  semiconductor  sample  can  produce  a measured 
-2  2 

irradiance  of  10  J/cm  . Direct  absorption  of  such  an  optical  pulse  can 

20  -3 

create  carrier  densities  of  approximately  10  cm  . Germanium  was  chosen 

as  a candidate  for  study  in  many  of  these  early  investigations  primarily 

because  it  is  a readily-available,  well-characterized  semiconductor  with 

a bandgap  that  is  comparable  to  but  less  than  the  energy  of  a photon  at 

a wavelength  of  1.06  ym  (1.17  eV) . 

Among  these  early  studies,  are  the  measurement  of  the  enhanced 

. 1,5 

transmission  of  single  ultrashort  optical  pulses  through  germanium  and 
the  measurement  of  the  temporal  evolution  of  this  enhanced  transmission  on 
a picosecond  time  scale  using  the  excite  and  probe  technique.  ' ' In  the 
first  of  these  experiments,  the  nonlinear  transmission  of  a single  pico- 
second 1.06  ym  pulse  is  measured  as  a function  of  incident  optical  pulse 
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energy,  as  shown  in  Fig.  1.  Notice  that  our  excite  pulse  can  be  made 
energetic  enough  to  alter  the  optical  properties  of  the  germanium.  In 
the  second  study,  the  sample  is  first  irradiated  by  an  11  psec  excite 
pulse  at  1.06  ym.  The  absorption  of  the  excite  pulse  creates  a large, 
rapidly  evolving,  nonequilibrium  carrier  density  that  changes  the 
transmission  properties  of  the  sample.  This  initial  pulse  is  then 
followed  at  various  time  delays  by  a weak  probe  pulse  of  the  same  wave- 
length that  monitors  the  evolution  of  the  enhanced  germanium  transmission 
with  time.  A graph  of  the  probe  pulse  transmission  versus  time  (Fig.  2) 
exhibits  two  distinct  features.  The  first  is  a rapid  rise  and  fall  in 
probe  transmission.  This  narrow  spike  in  probe  transmission  is  approx- 
imately two  picoseconds  wide  and  is  centered  about  zero  delay.  This 
spike  is  followed  by  a gradual  rise  and  fall  of  the  probe  transmission 
lasting  hundreds  of  picoseconds. 

The  narrow  spike  in  probe  transmission  was  first  observed  by 
Kennedy  et  al.1  and  was  attributed  by  them  to  a saturation  and  re- 
laxation of  the  direct  absorption.  Subsequently,  Shank  and  Auston3 
observed,  in  addition  to  the  narrow  spike  near  zero  delay,  the  slower 
structure  at  longer  delays.  In  light  of  this  additional  structure,  they 
reinterpreted  the  narrow  spike  in  probe  transmission  near  zero  delay  as 
a parametric  coupling  between  excite  and  probe  beams  caused  by  an  index 
grating  produced  by  the  interference  of  the  two  beams  in  the  germanium 
sample.  While  recognizing  that  some  parametric  scattering  is  bound  to 
occur  during  such  measurements.  Ferry15  has  recently  presented  numerical 
studies  that  account  for  the  spike  in  germanium  transmission  in  terms  of 
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INCIDENT  QUANTA  IN  EXCITATION  PULSE 


Figure  2.  Probe  pulse  transmission  vs  delay  between  the  excite  pulse  at  1.06  pm  and  the  probe  pulse 

at  1.06  pm  for  a sample  temperature  of  100  K.  The  data  are  plotted  as  the  normalized  ratio 
of  probe  pulse  transmission  to  excite  pulse  transmission,  Tp/Te,  in  arbitrary  units.  The 
°rror  renresent.s  one  tvoical  statistical  standard  deviation. 
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state  filling  and  band-gap  narrowing.  If,  indeed,  these  processes  are 
responsible  for  the  narrow  rise  and  fall  in  probe  transmission,  a careful 
study  of  this  structure  should  yield  information  concerning  carrier  scatter- 
ing rates  from  the  optically-coupled  states. 

The  slow  rise  in  probe  trar.  mission  with  delay,  as  depicted  in  Fig.  2, 

3 

was  first  observed  by  Shank  and  Auston.  They  attributed  this  slower 
structure  in  probe  transmission  to  band- filling.  That  is,  they  attributed 
this  rise  to  a saturation  of  the  direct  absorption  caused  by  a filling  of 
the  conduction  (valence)  band  states  by  optically- created  electrons  (holes) 
up  to  and  including  the  optically-coupled  states  needed  for  absorption.  As 
a result,  the  buildup  of  this  effect  should  be  proportional  to  the  total 
number  of  carriers  created,  i.e.  it  should  follow  the  integrated  optical 
pulse  energy.  Notice  that  this  interpretation  does  not  involve  hot  electron 
effects.  According  to  this  interpretation,  the  rise  in  probe  transmission 
contains  little  semiconductor  physics.  It  is  merely  an  artifact  of  the 
measurement  technique:  the  integral  of  the  intensity  correlation  function. 

These  conclusions  were  based  on  observations  performed  only  at  room  tem- 
perature. 

_ 

Later,  Smirl  et  al.  independently  extended  the  1.06  ym  excite  and 
probe  measurements  of  Kennedy  et  al.^~  to  include  probe  structure  at  longer 
delays.  In  addition,  they  determined  the  dependance  of  the  excite  and 
probe  measurements  on  sample  temperature  and  excite  pulse  energy  levels. 

Specifically,  the  nonlinear  transmission  was  measured  as  a function  of 
incident  optical  pulse  energy  at  sample  temperatures  of  100  K and  297  K 
(Fig.  3) . In  addition,  the  normalized  transmission  of  the  probe  pulse 
as  a function  of  time  delay  after  an  excite  pulse  was  measured  for  the 

I | 

I | 


TRANSMISSION 


INCIDENT  QUANTA  (A  = 1.06  Mm) 


Figure  3.  Transmission  of  a 5 . 2-pm-thick  germanium  sample  as  a function  of 
incident  quanta  at  1.06  pm  for  sample  temperatures  of  100  K and? 
297  K.  The  solid  lines  are  theoretical  curves  from  Elci  et  al ■ 
The  data  are  from  Smirl  et  al.^ 


7 


same  two  temperatures  (Fig.  4)  and  for  three  different  excite  pulse  energy 
levels  (not  shown).  The  temperature  dependence  of  the  probe  transmission 
measurements  contained  surprising  new  information:  the  rise  in  probe 
transmission  at  100  K was  too  slow  (~  100  psec)  to  be  attributed  to  an 
integration  effect  (i.e.  it  did  not  appear  to  follow  the  integrated  optical 
energy  of  the  excite  pulse) . The  authors  i tggested  that  this  slow  rise 
in  probe  transmission  might  be  attributed  to  a cooling  of  the  energetic 
electrons  (holes)  created  in  the  conduction  (valence)  band  by  the  direct 
absorption  of  the  excite  pulse.  Thus,  the  rise  in  probe  transmission 

was  taken  to  be  an  indication  of  the  carrier  relaxation  time. 

7 

At  this  point,  Elci  et  al.  presented  the  first  detailed  theoretical 
treatment  of  these  problems.  Their  model  (hereafter  referred  to  as  the 
ESSM  model)  attempts  to  account  for  the  nonlinear  transmission  and  the 
excite  and  probe  response  of  germanium  in  terms  of:  (1)  direct  band-to-band 
absorption,  (2)  free-carrier  absorption,  (3)  long  wavevector  phonon-assisted 
intervalley  carrier  scattering,  (4)  phonon-assisted  carrier  relaxation, 

(5)  carrier-carrier  Coulomb  collisions,  and  (6)  plasmon-assisted  recombi- 
nation. In  short,  the  authors  attributed  the  rise  in  the  probe  transmission 
with  the  delay  after  an  intense  excite  pulse  to  a cooling  of  the  hot  electron- 
hole  plasma  created  by  the  absorption  of  the  excite  pulse.  The  results  of 
these  calculations  are  presented  as  solid  lines  in  Fig.  3 and  Fig.  4;  the 
theoretical  fit  to  the  nonlinear  transmission  data  and  the  probe  transmission 
data  can  be  regarded  as  satisfactory,  given  the  complexity  of  the  problem. 

Q 

Subsequently , van  Driel  et  al.  conducted  further  nonlinear  transmission 
studies,  in  which  the  energy  band  gap  of  the  germanium  sample  was  tuned 
by  hydrostatic  pressure,  that  seemed  to  corroborate  the  proposed  model. 


TIME  DELAY  (psec) 

Figure  4.  Probe  pulse  transmission  versus  delay  between  the  excite  pulse  at  1.06  ym  and  the  probe  pulse 
at  1.06  ym  for  sample  temperatures  of  100  and  297  K.  The  data  are  plotted  as  the  normalized 
ratio  of  probe  pulse  transmission  to  excite  pulse  transmission,  Tp/TE,  in  arbitrary  units.  The 
‘’olid  lines  are  theoretical  curves  from  Elci  et  jrl. 7 The  experimental  data  are  from  Smirl  et  al 


Despite  the  apparent  successes  of  this  model,  some  basic  questions 
remain  concerning  the  roles  of  the  various  physical  processes  in  deter- 
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mining  the  saturation  and  temporal  evolution  of  the  optical  transmission 

. 7 

of  thin  germanium  samples  under  intense  optical  excitations.  Elci  et  al. 

noted  that  their  calculations  contained  serious  assumptions  that  warrant- 
ed further  theoretical  and  experimental  investigation.  The  major  assump- 
tions were  the  following:  (i)  The  carrier-carrier  collision  rate  was 
assumed  to  be  high  enough  to  justify  taking  the  carrier  distributions  to 
be  Fermi -Dirac.  Ferry15  has  recently  re-examined  this  approximation  by 
calculating  the  time  and  energy  dependence  of  the  distribution  function 
at  the  high  carrier  photogeneration  rates  encountered  here.  He  concludes 
that  on  a time  scale  of  tens  of  picoseconds  the  distribution  function 
does  indeed  approximate  a Fermi  distribution;  however,  on  shorter  time 
scales  it  contains  a 6- function-like  spike  located  at  the  optically  coupled 
states.  Thus,  for  pusposes  of  calculating  the  probe-pulse  transmission, 
one  may  reasonably  assume  the  distribution  is  Fermi-like.  (ii)  Carrier 
Fermi  energies  and  temperatures  were  taken  to  depend  only  on  time,  rather 
than  on  both  space  and  time,  thus  ignoring  the  pulse-propagation  and 
carrier-diffusion  problems  within  the  optical  interaction  region  of  the 
sample.  Therefore,  parameters  describing  the  electron-hole  plasma,  such 
as  the  electron  number,  must  be  viewed  as  spatial  averages  throughout  the 
sample  volume. 

Elci  etal. ^ also  noted  at  the  outset  that  their  work  contained 

only  a few  of  the  many  possible  electronic  interactions.  Recent  studies4'12'15 
indicate  that  processes  other  than  those  named  above  may  be  important. 

Most  of  these  effects,  such  as  bandgap  narrowing,15  intervalence-band 
14  4 

absorption,  Auger  recombination  and  Coulomb-assisted  indirect  absorption. 
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are  only  observed  at  large  carrier  densities.  The  possible  importance 

of  including  these  processes  in  any  interpretation  of  the  rise  in  probe 

transmission  is  demonstrated  in  the  following  section. 

In  the  previous  two  paragraphs,  we  have  outlined  the  assumptions 

and  omissions  of  the  initial  ESSM  model;  however,  there  is  another 

problem  associated  with  the  original  calculations  that  is  of  importance 

to  the  present  work.  The  physical  constants  for  germanium,  specifically 

the  electron-phonon  coupling  constants,  are  not  well-known  enough  to  allow 

a precise  calculation  of  the  energy  relaxation  rate.  Latham  etal.10  have 

previously  discussed  this  point  in  detail.  For  the  theoretical  fits  shown 

-4 

in  Fig.  4,  the  electron-phonon  coupling  constants  are  chosen  as  6 x 10 

-1  -4  -1 

erg  cm  for  a lattice  temperature  of  297  K and  2 x 10  erg  cm  at  100  K. 

These  values  are  within  the  range  of  the  accepted  theoretically  and  experi- 
mentally determined  values  listed  by  Latham  et_al. 10 ; however,  they  are 
much  lower  than  the  mean  value  of  1 x 10  ^ erg  cm  ^ as  obtained  from  an 
average  of  the  eight  values  listed.  Since  the  carrier  cooling  rate  is 
proportional  to  the  square  of  the  electron-phonon  coupling  constant,  the 
fitted  values  result  in  carrier  cooling  rates  that  are  3 and  25  times 
slower  than  that  obtained  by  using  the  average  value.  In  fact,  a repetition 
of  the  original  calculations  substituting  the  average  electron  -phonon 
coupling  constant  shows  (see  Latham  et  al.10.  Fig.  8)  that  carrier  cooling 
is  too  rapid  to  account  for  the  rise  in  probe  transmission. 

At  this  point,  perhaps  we  should  pause  to  summarize  the  state  of  our 
understanding  of  the  origin  of  the  slow  rise  in  probe  transmission  observed 

in  the  early  excite  and  probe  studies  as  discussed  in  the  previous  few 

3 

paragraphs  and  displayed  in  Fig.  4.  Originally,  Shank  and  Auston  , 
attributed  this  rise  in  probe  transmission  to  a saturation  of  the  direct 


absorption  as  a result  of  band  filling.  We  remind  the  reader,  again, 
that  this  interpretation  was  based  on  measurements  performed  only  at 
room  temperature.  Subsequently,  Elci  et  al.7  attributed  this  rise  in 
probe  transmission  to  a cooling  of  a hot  electron-hole  plasma  created 
by  direct  absorption  of  the  excite  pulse.  Although  the  original  calcu- 
lations by  Elci  et  al.7  aie  sound,  time  has  shown  that  the  proposed 
model  (ESSM  model)  has  several  objectionable  features  as  detailed  in  the 
last  three  paragraphs:  (1)  uncertainties  in  the  optical  phonon-electron 
coupling  constant,  (2)  neglect  of  the  spatially  inhomogeneous  nature  of 
the  parameters  that  characterize  the  carrier  distributions,  and  (3)  the 
omission  of  important  processes  such  as  diffusion  and  Auger  recombination 
from  the  model.  The  authors  realized  and  stated  at  the  outset  that  their 
model  contained  serious  assumptions  and  approximations  that  warranted 
further  study  and  that  the  model  contained  only  a few  of  the  many  possible 
processes.  It  was  hoped,  however,  that  the  model  would  serve  as  a basis 
for  further  study  and  development. 

7 

In  sharp  contrast  to  the  interpretation  by  Elci  et  al.  , Auston 
12 

et  al.  have  stated  that  they  expect  the  energy  relaxation  time  in 

germanium  to  be  too  short  to  account  for  the  rise  in  probe  transmission 

shown  in  Fig.  4.  This  suggestion  is,  of  course,  consistent  with  the  more 

detailed  numerical  studies  presented  by  Latham  et  al.10,  as  discussed  above. 

More  importantly,  in  the  spirit  of  suggesting  plausible  alternative  models 

12 

for  evaluation,  Auston  et  al.  stated  that  enhanced  mtervalence-band  and 
Coulomb-assisted  indirect  absorption  effects  might  be  important  at  the  high 
photogenerated  carrier  densities  encountered  in  these  excite  and  probe  ex- 
periments. Furthermore,  they  suggested  that  these  processes  might  introduce 


12 

a minimum  in  the  absorption  versus  carrier  density  curve  in  germanium  in 
the  following  way:  The  direct  absorption  coefficient  will  remain  approxi- 
mately constant  as  a function  of  photogenerated  carrier  density  until  the 
density  reaches  the  point  where  the  electrons  (holes)  clog  the  states  needed 
for  direct  electronic  transitions  in  the  conduction  (valence)  band.  At 
this  point,  the  direct  absorption  coefficient  rapidly  decreases.  On  the 
other  hand.  Coulomb-assisted  indirect,  intervalence-band,  and  free-carrier 
absorption  coefficients  monotonically  increase  with  carrier  density.  Thus, 
the  absorption  coefficient  could  initially  decrease  with  increasing  density, 
as  the  direct  absorption  coefficient  saturates,  then  increase  with  increas- 
ing density  as  the  free-carrier,  intervalence-band  and  indirect  absorption 
coefficients  become  large  enough  to  dominate.  In  a private  communication, 

S.  McAfee  and  D.  H.  Auston  further  explained  how  an  absorption  curve 
containing  a minimum  could  be  combined  with  Auger  recombination  to  account 
for  the  rise  in  probe  transmission  of  Fig.  4.  Briefly,  the  absorption  of 
the  excite  pulse  creates  an  initial  carrier  density  greater  than  n^  , 

where  n . denotes  the  density  at  which  the  minimum  total  absorption  co- 
rn m 

efficient  occurs.  As  the  initial  photogenerated  carrier  density  is  decreas- 
ed in  time  by  Auger  recombination,  the  absorption  coefficient  of  the 


germanium  will  decrease  in  time  until  the  carrier  density  reaches  nm^n/ 
then  increase.  Thus,  the  probe  transmission  will  increase  then  decrease, 
if  the  initial  optically-created  carrier  density  is  greater  than  n^  . 

In  direct  contrast  to  the  ESSM  model,  this  interpretation  does  not  require 
hot  electron  effects.  This  model  does,  however,  require  a minimum  in  the 


absorption  versus  carrier  density  curve. 
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Consequently,  we  summarize  and  emphasize  that  there  were  at  the 
beginning  of  this  contract  period  at  least  two  possible  explanations 
for  the  narrow  spike  in  probe  transmission  and  three  explanations  for 
the  slower  rise  and  fall  in  probe  transmission  lasting  hundreds  of 
picoseconds  (see  Fig.  2) . The  narrow  spike  in  probe  transmission  cen- 
tered about  zero  delay  had  been  attributed  (1)  by  Shank  and  Auston3  to 
a parametric  scattering  of  the  excite  beam  into  the  probe  beam  path  by 
a grating  formed  in  the  germanium  by  the  interference  of  the  two  pulses 
near  zero  delay  and  (2)  by  Ferry13  to  state-filling  and  band-gap  narrow- 
ing. The  slow  rise  in  probe  transmission  had  been  attributed  (1)  to 
band-filling,  (2)  to  a cooling  of  a hot  carrier  distribution  created  by 
direct  absorption  of  the  excite  pulse,  or  (3)  to  Auger  recombination  com- 
bined with  an  absorption  versus  carrier  density  relationship  containing 
a minimum.  In  our  last  renewal  proposal,  we  suggested  experiments  de- 
signed to  determine  the  origins  of  the  narrow  spike  and  broad  structure 
in  probe  transmission.  In  Sec.  II,  we  give  a record  of  our  achievements 
and  progress  during  this  contract  period  in  achieving  these  goals.  Next, 
we  provide  a list  of  professional  publications  and  activities  (Sec.  Ill) 
during  the  past  year,  and  in  Sec.  IV,  we  provide  the  reader  with  an  up- 
dated vita.  Finally,  in  Appendices  A,  B,  C,  and  D,  we  provide  reprints 
and  preprints  of  our  work  from  1 September  1978  to  the  present.  Reprints 
for  the  contract  years  1 September  1976  to  1 September  1977  and  1 September 
1977  to  1 September  1978  are  contained  in  previous  summary  reports. 

For  a more  detailed  review  of  the  above  areas,  the  reader  is  refered 
to  Appendix  D. 
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II.  RECORD  OF  ACTIVITIES 


To  appreciate  our  work  during  this  period,  the  reader  must  understand 

the  state  of  our  knowledge  concerning  the  picosecond  excite  and  probe 

response  of  germanium  in  August  1978.  A brief  review  of  these  studies 

is  presented  in  the  previous  section.  A more  detailed,  tutorial  review 

is  provided  in  Appendix  C and  Appendix  D.  Briefly,  we  now  summarize  the 

state  of  affairs.  We  had  previously  measured  the  enhanced  transmission 

of  single  optical  pulses  at  1.06  um  through  germanium  as  a function  of 

incident  pulse  energy  (Fig.  1),  and  we  had  measured  the  temporal  evolution 

of  this  enhanced  transmission  on  a picosecond  time  scale  using  the  1.06- 

ym-excite  and  1.06-ym-probe  technique  (Fig.  2) . The  latter  measurements 

reveal  a sharp  rise  and  fall  in  probe  transmission  center  about  zero  delay 

and  lasting  approximately  2 psec.  This  spike  is  followed  by  a slower  rise 

and  fall  in  probe  transmission  lasting  hundreds  of  picoseconds.  Auston 
2 

and  Shank  had  originally  attributed  the  narrow  spike  in  probe  transmission 

to  a parametric  scattering  of  the  excite  beam  into  the  probe  beam.  More 

recently.  Ferry15  has  suggested  that  this  spike  may  be  caused  by  state-fil- 

2 

ing  combined  with  energy  band-gap  narrowing.  Auston  and  Shank  also  ini- 
tially interpreted  the  slow  rise  in  prcbe  transmission  as  an  excite-pulse 
integration  effect  caused  by  band-filling  (not  to  be  confused  with  state- 
filling) . We  (Smirl  et  al. 5)  later  performed  measurements  (Fig.  3 and  Fig. 

4)  that  revealed  that  the  probe  transmission  increases  for  approximately  100 
psec  following  excitation  for  a sample  temperature  of  100  K;  however,  the  rise 
in  probe  transmission  is  less  than  40  psec  at  300  K.  As  a result  of  the  meas- 

5 7 

urements  at  liquid  nitrogen  temperature,  we  had  initially  ' attributed  the 
slower  rise  in  probe  transmission  at  100  K to  a cooling  of  a hot  plasma 
created  by  absorption  of  the  excite  pulse.  Thus,  the  rise  in  probe  transmission 
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15 


measures  the  energy  relaxation  rate  and  should  be  a sensitive  measure 

of  the  electron-phonon  coupling  constants.  The  investigations  that  we 

reported  and  discussed  previously  (see  Latham  et  al.10)  had  subsequently 

shown  that  uncertainties  in  the  electron-phonon  coupling  constants  cast 

12 

doubt  on  this  interpretation.  In  contrast,  Auston  et  al.  had  stated 

that  they  expected  the  energy  relaxation  rate  to  be  too  short  to  account 

12 

for  this  rise  in  probe  transmission.  They  had  also  suggested  that 

processes  omitted  from  our  model,  specifically  intervalence-band  and 

Coulomb-assisted  indirect  absorption,  might  be  important.  Indeed,  they 
12 

suggested  that  these  processes  might  introduce  a minimum  in  the  absorp- 
tion versus  carrier  density  curve  and,  through  a private  communication, 
explained  that  this  curve  might  be  combined  with  Auger  recombination  to 
account  for  the  rise  in  probe  transmission.  Thus,  there  were  at  least 
three  possible  ejqplanations  for  the  slow  rise  in  probe  transmission: 

(1)  the  rise,  like  the  "correlation"  spike,  is  an  artifact  of 
the  experimental  technique  (an  integration  effect) 

(2)  the  rise  is  caused  by  a cooling  of  a dense  "hot"  carrier 
distribution 

(3)  the  rise  is  due  to  Auger  recombination  combined  with  a absorp- 
tion vs.  density  curve  containing  a minimum,  caused  by  intervalence- 
band  and  Coulomb-assisted  indirect  absorption. 

And  two  possible  explanations  for  the  sharp  spike  in  probe  transmission: 

(1)  the  spike  is  a correlation  effect  (i.e.  a parametric  scattering 
of  excite  beam  into  the  probe  beam  by  a laser-induced  grating) . 

(2)  the  spike  is  a result  of  state-filling  combined  with  band-gap 
narrowing. 


Figure  5.  Block  diagram  of  the  experimental  configuration  for  excite  and  probe  measurements  at  1.06  and  1.55 
Mm,  where  MLL  denotes  the  mode-locked  laser,  EOS  the  electro-optical  switch,  A the  laser  amplifier, 
SRS  the  stimulated-Raman-scattering  cell,  M a mirror,  D a detector,  LI  and  L2  lens,  and  S the  sample 
(from  Smirl  et  al.^). 
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at  1.55  urn  (0.08 eV)  falls  below  the  direct  gap  and  is  only  a measure 
of  the  combined  free-carrier , intervalence-band  and  indirect  processes. 

We  performed  three  separate  measurements.  In  the  first  of  these, 
we  carefully  repeated  the  measurements  by  Smirl  et  al.^  (Fig.  4)  of 
the  transmission  of  a 1.06  pm  probe  pulse  as  a function  of  time  delay 
after  an  intense  1.06  pm  excite  for  sample  temperatures  of  100  K and 
295  K.  The  original  measurements  of  Smirl  et  al.5  were  repeated  so  that 
we  could  more  carefully  investigate  the  possibility  that  the  rise  in  probe 
transmission  follows  the  integrated  excite  pulse  autocorrelation  function. 
The  rises  in  probe  transmissions  for  the  two  sample  temperatures  are  care- 
fully compared  to  a calculated  integration  curve  in  Fig.  6,  assuming  an 
optical  pulsewidth  of  10  psec.  We  conclude  from  this  comparison  that 
the  experimental  rise  in  probe  transmission  at  295  K is  indistinguishable 
from  an  integration  effect,  in  agreement  with  the  original  interpretation 
of  room  temperature  data  by  Shank  and  Auston.^  However,  the  rise  at  100  K 
is  much  slower  than  the  integration  curve  or  the  rise  at  295  K and  cannot 
be  attributed  to  such  artifacts;  it  represents  a physical  effect. 

Next  the  authors  measured  the  transmission  of  a thin  germanium  sample 
at  1.55  and  1.06  pm  as  a function  of  optically-created  carrier  densities 
as  shown  in  Fig.  7.  The  data  were  obtained  in  the  following  manner.  The 
crystal  was  illuminated  by  variable  energy  pulses  with  a wavelength  of 
1.06  pm.  Each  pulse  at  1.06  pm  was  followed  immediately  at  a fixed  delay 
by  pulses  that  monitored  the  absorbance  of  the  crystal  at  wavelengths  of 
1.55  pm  and  1.06  pm.  The  optical  absorbance  at  1.17  eV  is  seen  to  decrease 
by  approximately  3.5  as  the  carrier  number  increases.  By  contrast  the 
absorbance  at  0.8  eV  increases  roughly  by  2.3.  Over  the  range  of  densities 
encountered  in  these  experiments , the  absorption  versus  density  relationship 
at  1.17  eV  does  not  exhibit  a minimum.  Thus,  a temporal  decay  of  the 
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Figure  6.  Normalized  probe  pulse  transmission  in  aribtrary  units  versus 
delay  between  the  excite  pulse  at  1.06  urn  and  the  probe  pulse 
at  1.06  pm  for  sample  temperatures  of  100  and  295  K.  The  solid 
line  represents  a theoretical  integration  curve  assuming  Gaussian 
shaped  optical  pulses  of  10  psec  width  (from  Smirl  et  al.  ^). 
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carrier  density  alone  cannot  be  combined  with  this  absorption  versus 

density  relationship  to  account  for  the  rise  in  probe  transmission  at 

1.06  pm  exactly  as  we  discussed  in  the  previous  section  and  suggested 
12 

by  Auston  et  al.  . In  addition,  these  measurements  indicate  that  the 
combined  free-carrier , intervalence-band,  and  indirect  absorbance 
changes  are  opposite  in  sign  and  smaller  in  magnitude  than  changes 
caused  by  saturation  of  the  direct  absorption.  As  a result,  the  authors 
concluded  that  the  decrease  in  absorbance  at  1.06  pm  with  increasing  carrier 
number  is  dominated  by  a saturation  of  the  direct  absorption  coefficient; 
however,  the  rate  of  this  decrease  in  absorbance  is  slowed  by  the  contri- 
butions of  these  "other"  processes  that  are  opposite  in  sign.  Note 
that,  when  comparing  the  data  discussed  here  (Fig.  7)  with  the  earlier 
data  by  Smirl  et  al.5  (Fig.  3) , one  must  realize  that  the  sample  thick- 
ness and  focused  optical  spot  sizes  are  not  identical. 

Finally,  we  measured  the  temporal  evolution  of  the  absorbance  of 
a 1.55  pm  probe  pulse  as  a function  of  time  delay  after  an  intense  excite 
pulse  at  1.06  pm.  In  this  experiment,  the  sample  was  irradiated  by  an 

optical  pulse  at  1.06  pm  containing  roughly  2 x 1015  quanta  (correspond- 

-2  2 

ing  to  surface  energy  density  of  -10  J/cm  ) and  was  probed  by  a weak 
pulse  having  a wavelength  of  1.55  pm  (See  Fig.  8).  The  results  of  these 

4 

probe  measurements  are  similar  to  those  obtained  by  Auston  et  al. 

4 

However,  Auston  et  al.  stated  that  they  performed  their  measurements  at 

excite  intensities  such  that  the  absorption  of  the  excite  pulse  was 

linear.  These  experiments  were  clearly  performed  in  the  nonlinear  region. 

4 

In  addition,  the  measurements  of  Auston  et  al.  were  performed  on  a 
300  pm- thick  sample,  our  sample  was  6 pm  thick.  The  measurements  pre- 


sented in  lig.  8 indicate  that  free-carrier,  intervalence-band,  and 
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indirect  absorption  can  be  significant  at  the  carrier  densities  en- 
countered during  excite  and  probe  experiments  described  here.  Recall 
4 

that  Auston  et  al.  attributed  the  decrease  in  probe  pulse  absorbance 
at  1.55  ym  to  a decrease  in  free-carrier  absorption  caused  by  a temporal 
decay  in  carrier  density  due  to  Auger  recombination.  The  experinents 
that  we  have  just  described  only  allow  the  measurement  of  the  change 
in  the  combined  free-carrier,  intervalence-band  and  indirect  absorbance, 
and  they  do  not  provide  for  a convenient  separation  of  the  individual 
contributions . 

Summarizing  the  results  of  the  measurements  described  in  the  previous 
three  paragraphs,  we  conclude  that  the  rise  in  probe  transmission  during 
the  1.06  ym  excite  and  1.06  ym  probe  experiments  at  100  K is  not  an  in- 
tegration effect  (i.e.  not  a simple  band  filling)  and  that  it  cannot  be 
attributed  to  free-carrier,  intervalence-band,  and  Coulomb-assisted 
transitions  combined  with  Auger  recombination.  The  contributions  of 
these  latter  processes  are  significant,  however,  and  they  must  be  accoun- 
ted for  by  any  successful  model.  Unfortunately,  the  measurements  des- 
cribed here  yielded  no  direct  information  concerning  carrier  distribution 
temperatures  or  energy  relaxation  rates,  and  the  question  of  attributing 
the  rise  in  1.06  ym  probe  transmission  to  a cooling  of  a hot  carrier  plasma 
created  by  the  excite  pulse  remains  unresolved.  A detailed  discussion  of 
these  experiments  is  contained  in  the  reprint  of  Appendix  A. 

Having  rejected  two  of  the  three  possible  explanations  for  the  probe 
transmission  listed  earlier  and  with  the  other  explanation  all  but  re- 
jected, to  what  do  we  attribute  this  rise  in  probe  transmission?  Recent 
suggestions  are  reviewed  in  the  next  chapter. 
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Parametric  Scattering  or  State-Filling 

Here,  we  present  and  discuss  the  results  of  measurements  that  sepa- 
rate the  effects  of  parametric  scattering  from  those  of  other  processes 
such  as  state  filling. 

The  particular  experimental  configuration  that  we  employ  to  sepa- 
rate the  effects  of  parametric  scattering  from  those  of  other  processes 
such  as  state  filling  is  shown  in  Fig.  9.  A single  1.06  ym  pulse, 
approximately  11  psec  in  duration,  is  switched  by  an  electro-optic 
shutter  from  a train  of  pulses  produced  by  a mode-locked  Nd-glass  laser. 

The  single  pulse  is  split  into  two  by  a beam  splitter,  and  a relative 
delay  is  introduced  between  the  two  pulses.  The  probe  pulse  intensity 
is  attenuated  to  approximately  2%  of  the  corresponding  excitation  pulse 
intensity.  Both  pulses  are  focused  onto  the  germanium  sample  as  shown 
in  the  figure.  The  angular  separation  between  incident  beams  is  12°. 

This  configuration  is  similar  to  the  arrangement  employed  by  Kennedy  et  al.3, 
and  Shank  and  Auston3  to  measure  the  narrow  spike  in  probe  transmission. 

Our  configuration,  however,  differs  from  theirs  in  two  important  respects. 
First,  we  have  introduced  a half  wave  plate  into  the  probe  path  to  pro- 
vide for  a continuous  rotation  of  the  probe  pulse  polarization  with  respect 
to  the  excite  pulse.  Second,  we  have  positioned  a detector  to  collect 
the  first  order  diffracted  light  from  the  excitation  pulse  in  the  event 
that  a grating  should  be  produced  by  the  interference  of  the  two  pulses. 

In  previous  studies  of  the  probe  spike,  only  the  incident  and  transmitted 
probe  and  excite  energies  were  measured. 
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As  shown  in  Fig.  9,  Detector  1 monitors  the  incident  pulse  energy. 
Detector  2 measures  the  transmitted  probe  light  and  one  of  the  first 
order  scattered  beams  from  the  excitation  pulse.  Detector  3 collects 
the  transmitted  excite  pulse  and  one  of  the  first  order  diffracted 
beams  from  the  probe  beam.  The  latter  signal  is  insignificant.  Detec- 
tor 4 records  the  other  first  order  diffracted  excitation  beam.  No 
signal  will  be  present  on  the  latter  detector  unless  a grating  is  formed 
by  the  interference  of  excite  and  probe  beams. 

The  experimental  technique  that  we  employ  is  simple.  We  repeat 
the  excite  and  probe  measurements  of  Kennedy  etal. ^ employing  probe 
pulses  of  various  polarization.  Specifically,  the  sample  is  irradiated 
by  a 1.06  ym  excite  pulse  intense  enough  to  cause  the  germanium  trans- 
mission to  be  enhanced.  The  light  incident  on  the  probe  detector  is 
then  monitored  for  small  probe  pulse  delays  as  shown  in  Fig.  9.  These 
measurements  are  repeated  for  various  probe  polarizations.  When  the 
excite  pulse  polarization  is  perpendicular  to  the  probe  polarization, 
no  interference  between  excite  and  probe  is  possible,  and  no  grating 
will  be  formed.  In  this  manner,  we  remove  the  contributions  of  the  laser- 
induced  grating.  Any  spike  that  remains  must  be  attributed  to  other 
processes. 

The  signal  recorded  by  the  probe  detector,  D2  (See  Fig.  9) , as  a 
function  of  time  delay  after  an  intense  excitation  pulse  is  shown  in 
Fig.  10  for  small  delays.  The  circles  represent  measurements  in  which 
the  probe  pulse  polarization  was  parallel  with  the  excite  pulse  polar- 
ization. The  triangles  represent  measurements  in  which  the  probe  polar- 
ization was  chosen  perpendicular  to  the  excite  polarization.  The  most 


Figure  10.  Normalized  response  of  the  probe  detector,  in  arbitrary  units,  vs.  time  delay  between  excite 
and  probe  pulses . 
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important  feature  of  Fig.  10  is  the  strong  dependence  of  the  sharp 
spike  in  the  probe  detector  response  on  probe  polarization.  When  the 
probe  polarization  is  chosen  parallel  to  that  of  the  excitation  pulse, 

we  observe  a narrow  spike  similar  to  that  observed  by  Kennedy  et  al.1 

3 

and  Shank  and  Auston.  The  spike  is  approximately  2 psec  wide  (FWHM) 
and  centered  about  zero  delay.  However,  when  the  polarization  of  the 
probe  is  rotated  by  90°,  the  rapid  rise  and  fall  in  probe  response 
completely  disappears.  We  emphasize  that  the  probe  detector  monitors 
both  the  transmitted  probe  pulse  and  the  diffracted  light  from  the 
excitation  pulse.  The  strong  polarization  dependence  of  the  data  pre- 
sented in  Fig.  10  suggests  that  the  narrow  spike  in  probe  signal  can 
be  attributed  to  a parametric  scattering  of  excite  beam  into  the  probe 
beam  by  a laser  induced  grating,  consistent  with  the  interpretation 
by  Shank  and  Auston. ^ 

The  conclusions  of  the  previous  paragraph  are  substantiated  by 
the  data  presented  in  Fig.  11.  In  this  figure,  we  display  the  results 
of  measurements  in  which  we  monitor  the  first  order  diffracted  light 
from  the  excite  pulse  as  a function  of  time  delay  between  the  excite 
and  probe  pulses.  The  diffracted  light  is  monitored  by  an  integrating 
detector  (detector  4,  See  Fig.  9)  positioned  at  the  appropriate  angle. 
The  data  are  plotted  as  the  normalized  response  of  detector  4,  in  ar- 
bitrary units,  versus  the  time  delay  between  the  two  incident  pulses. 
Again,  the  circles  represent  measurements  in  which  the  probe  polar- 
ization was  parallel  to  the  excite  polarization;  the  triangles  repre- 
sent measurements  in  which  the  probe  polarization  was  perpendicular 
to  the  excite  polarization. 


TIME  DELAY  (psec) 

Figure  11.  Normalized  response  of  detector  4,  in  arbitrary  units,  vs.  time  delay  between  excite  and  probe 
pulses . 


Tha  data  presented  in  Fig.  11  provide  striking  evidence  of  laser- 
induced  grating  formation  during  these  experiments.  When  excite  and 
probe  polarizations  are  parallel,  a narrow  rise  and  fall  in  the  dif- 
fracted radiation  is  observed  with  time  delay.  The  spike  observed 
in  the  diffracted  radiation  is  identical  in  form  to  the  spike  ob- 
served in  the  response  of  the  probe  detector.  It  is  approximately 
of  the  same  width,  and  it  is  centered  about  zero  delay.  In  addition, 
there  is  essentially  a one-to-one  correspondence  between  large  sig- 
nals on  detector  4 and  large  signals  on  the  probe  detector,  both  of 
which  monitor  a first  order  diffracted  beam  from  the  excite  pulse. 

When  the  probe  pulse  polarization  is  perpendicular  to  the  excite  pulse 
polarization,  no  diffracted  light  is  observed.  The  similarity  in  the 
shape,  amplitude  and  polarization  dependence  of  the  spike  in  probe 
response  (detector  2)  and  the  spike  in  diffracted  response  (detector  4) 
further  leads  us  to  conclude  that  they  are  of  the  same  origin.  That  is, 
that  both  result  from  the  first  order  diffraction  of  light  from  the 
excite  beam  by  a grating  created  by  the  interference  of  excite  and 
probe  pulses. 

As  a result  of  these  studied,  we  conclude  that  the  spike  in  probe 
detector  response  can  be  totally  accounted  for  by  a parametric  scatter- 
ing of  the  excite  beam  into  the  probe  beam  by  a grating  created  in  the 
germanium  by  the  interference  of  the  two  pulses,  as  suggested  earlier 
by  Shank  and  Auston.3  The  spike  is  merely  a coherent  coupling  artifact 
of  the  measurement  technique,  and  it  does  not  correspond  to  an  actual 
increase  in  sample  transmission.  Although  band-gap  narrowing  and  state 
filling  have  been  observed  in  other  semiconductor  experiments  involving 
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optical  excitation  (and  certainly  they  must  be  occur ing  here  as  well) , 
they  do  not  contribute  to  the  spike  in  probe  detector  response,  as 

r 15 

|U  recently  suggested  by  Ferry.  For  further  details,  the  reader 

should  see  Appendix  B. 

Measurement  of  Carrier  Recombination  Times  and 
Pi f fusion  at  High  Carrier  Densities 
The  studies  described  above  provide  definite  evidence  of  laser- 
induced  grating  formation  during  excite  and  probe  studies  at  1.06  urn. 

Such  a grating  is  produced  by  a modulation  of  the  optically-created 
carrier  density  near  the  sample  surface.  This  modulation  of  the  carrier 
density  (or  grating) , once  produced,  can  decay  by  two  mechanisms: 

Carrier  recombination  or  diffusion  of  carriers  from  regions  of  high 
concentrations  to  regions  of  lower  concentration.  A study  of  the  grat- 
ing lifetime  as  a function  of  the  excite-probe  geometry  should  allow  a 
direct  measurement  of  the  two  lifetimes.  We  are  conducting  such  a study, 
although  we  presently  have  only  rough  preliminary  results. 

These  measurements  are  conducted  in  the  following  manner.  Two 
excite  pulses  and  a single  probe  pulse  are  derived  from  a single  ultra- 
short  pulse  by  means  of  a beam  splitter.  The  two  excite  pulses  are  both 
spatially  and  temporally  overlapped  on  the  sample  surface  as  show  in 
Fig.  12.  As  a result,  the  interference  of  the  two  beams  will  produce  a 
modulation  of  the  optically-created  carrier  density  to  form  a grating 
with  spacing  d = X/(2  sin  0),  where  0 is  the  angle  between  each  excite 
beam  and  the  sample  surface.  The  grating  lifetime  is  measured  by  monitor- 
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ing  the  first  order  diffracted  light  from  a third  weak  probe  pulse  as 


shown  in  Fig.  12.  By  controlling  the  geometry  of  the  grating  formation 
(0),  we  can  determine  the  grating  spacing  and  control  which  process, 
carrier  recombination  or  diffusion,  dominates  the  grating  lifetime. 

Thus,  we  can  extract  each  rate  separately.  Preliminary  results  for 
grating  spacings  of  5 um  (diffusion  dominated)  and  11  um  (recombination 
dominated)  are  shown  in  Fig.  13.  We  expect  to  complete  these  studies  in 
the  next  6 months. 


NATO  Lecture  and  Seminar 

As  a result  of  the  work  conducted  under  ONR  sponsorship  over  the 
past  two  years,  I have  been  invited  to  lecture  and  present  a seminar 
at  the  NATO  Advanced  Study  Institute  on  the  Physics  of  Nonlinear 
Transport  in  Semiconductors  in  Urbino,  Italy,  July  16-27,  1979.  This 
lecture  and  seminar  are  to  be  published  and  are  included  as  preprints 
in  Appendix  C and  Appendix  D. 

Summary  of  Activity 

The  work  described  has  resulted  in  two  papers  in  the  Physical  Rev- 
iew, one  APS  talk,  one  talk  at  the  International  Conference  on  Picosecond 
Phenomena  (published  in  the  proceedings  of  the  conference) , and  a 
lecture  and  a seminar  at  NATO  Advanced  Study  Institute,  as  detailed  above. 
The  four  published  manuscripts  resulting  from  work  during  this  contract 
period  are  included  as  Appendices  A,  B,  C and  D. 
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2.  Invited  paper:  "Ultrafast  Transient  Response  of  Optically  Excited 
Plasmas  in  Germanium,"  presented  at  1976  Annual  Meeting  of  Optical 
Society  of  American,  J.  Opt.  Soc.  Am.  6£,  1982  (1976) . 

3.  "Gauge  Invariant  Formulation  of  the  Interaction  of  Radiation  and 
Matter,"  D.  H.  Kobe  and  A.  L.  Smirl,  AAPT  Summer  Meeting,  1977, 

AAPT  Announcer  1_,  70  (1977)  . 

4.  "The  Role  of  Phonons  and  Plasmons  in  Describing  the  Pulsewidth 
Dependence  of  the  Transmission  of  Ultrashort  Optical  Pulses  through 
Germanium,"  A.  L.  Smirl,  W.  P.  Latham,  A.  Elci,  and  J.  S.  Bessey , 
International  Conference  on  Hot  Electrons  in  Semiconductors,  Bull. 
Am.  Phys.  Soc.  22,  706  (1977). 
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Papers  Presented  at  Conferences  (continued) : 

5.  "Picosecond  Optical  Absorption  at  1.06  ym  and  1.55 ym  in  Thin 
Germanium  Samples  at  High  Optically-Created  Carrier  Densities," 
A.  L.  Smirl,  J.  R.  Lindle,  and  S.  C.  Moss,  Conference  on  Pico- 
second Phenomena,  May  25,  1978,  Hilton  Head,  S.  C. 

6.  "The  Effects  of  Parametric  Scattering,  Energy-Gap  Narrowing,  and 
State  Filling  on  the  Picosecond  Optical  Response  of  Germanium," 
Arthur  L.  Smirl,  Steven  C.  Moss,  and  J.  Ryan  Lindle,  Bull.  Am. 
Phys.  Soc.  24,  310  (1979). 


Invited  Lecturer: 

1.  NATO  Summer  School  on  "Nonlinear  Electron  Transport  in  Semiconductors," 
July  16-17,  1979,  Urbino,  Italy. 


Other  Presentations  Given  at  Scientific  Meetings: 

1.  "Ultrashort  Optical  Pulse  Measurements  at  10.6  Microns,"  Larry  Tipton, 
A.  L.  Smirl,  and  D.  G.  Seiler,  Texas  Academy  of  Science  Meeting  at 
Baylor  University,  March  10,  1977. 

2.  "Ultrafast  Transient  Response  of  Hot  Carriers  in  Germanium,"  S.  C. 

Moss,  J.  R.  Lindle,  and  A.  L.  Smirl,  Texas  Academy  of  Science  Meeting 
at  Baylor  University,  March,  10,  1977. 

3.  "Gauge  Transformations  and  Perturbation  Theory,  " D.  H.  Kobe  and  A.  L. 
Smirl,  Texas  Academy  of  Science  Meeting  at  Baylor  University,  March  10, 
1977. 

4.  "A  Perturbing  Question:  How  Do  You  Treat  the  Interaction  of  Electro- 
magnetic Radiation  and  Matter?",  D.  H.  Kobe  and  A.  L.  Smirl,  Texas 
Section  of  AAPT  Meeting  at  Southern  Methodist  University,  November  5, 
1977. 

5.  "A  Simple  Accurate,  Inexpensive  Energy  Monitor  for  Short  Laser  Pulses, 
J.  R.  Lindle,  S.  C.  Moss,  and  A.  L.  Smirl,  Texas  Academy  of  Science 
Meeting  at  Texas  Tech,  March  9,  1978. 

6.  "Measurement  of  the  Ultrafast  Relaxation  of  Saturation  Phenomena  in 
Semiconductors , " S.  C.  Moss,  J.  R.  Lindle,  and  A.  L.  Smirl,  Texas 
Academy  of  Science  Meeting  at  Texas  Tech,  March  9,  1978. 

7.  "Piezo-Transmission  of  p-type  Germanium  at  CC>2  Laser  Wavelengths," 

L.  Tipton,  D.  G.  Seiler,  and  A.  L.  Smirl,  Texas  Academy  of  Science 
Meeting  at  Texas  Tech,  March  9,  1978. 
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Other  Presentations  (continued) : 

8.  "Picosecond  Optical  Measurement  of  Diffusion  Coefficients  and  Recom- 
bination Lifetimes  in  Semiconductors  at  High  Optically-Created  Carrier 
Densities,"  Steven  C.  Moss,  J.  Ryan  Lindle,  Paul  G.  Perryman,  and  Arthur 
L.  Smirl,  Texas  Academy  of  Science  Meeting,  University  of  Texas  at 
Arlington,  March  8,  1979. 

9.  "Picosecond  Measurements  of  Exciplex  Formation,"  James  B.  Clark,  Benny 
R.  Russel,  Eric  W.  Van  Stryland,  and  Arthur  L.  Smirl,  Texas  Academy  of 
Science  Meeting,  University  of  Texas  at  Arlington,  March  8,  1979. 

10.  "The  Roles  of  Correlation  Effects,  Energy-Gap  Narrowing,  and  State 
Filling  in  Ultrafast  Optical  Response  of  Semiconductors,"  J.  Ryan 
Lindle,  S.  C.  Moss,  and  Arthur  L.  Smirl,  Texas  Academy  of  Science 
Meeting,  University  of  Texas  at  Arlington,  March  8,  1979. 

11.  Invited  Talk:  "A  ’small'  Inexpensive  Dye  Laser — Discussion  and  Demon- 
stration," Arthur  L.  Smirl,  Texas  Academy  of  Science  Meeting,  University 
of  Texas  at  Arlington,  March  8,  1979. 


Research  Colloguia: 

"The  Roles  of  Free-Carrier , Free-Hole,  and  Indirect  Absorption  in  Determining 
the  Picosecond  Optical  Response  of  Germanium,"  Colorado  State  University, 
1978. 

"Ultrashort  Relaxation  Processes  in  Germanium,"  University  of  Arkansas,  1978. 

"Optics  Research  at  NTSU,"  Lamar  University,  1978,  Southwest  Texas  State 
University,  1978. 

"Picosecond  Clocks  and  Ultrafast  Processes,"  Lamar  University,  1979. 

"The  Physics  of  the  Ultrafast  Relaxation  of  Photoexcited  Carriers  in  Semi- 
conductors," University  of  Texas  at  Dallas,  1979. 


Courses  Taught: 

Physics  131,  Physics  for  Liberal  Arts  Majors,  an  introductory  course  based 
on  Hewitts;  text  "Conceptual  Physics". 

Physics  620,  Semiclassical  Laser  Theory,  an  advanced,  semiclassical  formu- 
lation of  the  interaction  of  radiation  with  matter  based  on 
the  text  by  Sargent,  Scully,  and  Lamb  entitled  "Laser  Physics". 

Physics  625,  Nonlinear  Optics,  a classical  treatment  of  nonlinear  scattering 
based  on  my  own  personal  notes  taken  from  current  literature. 
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Courses  Taught  (continued) : 

Physics  680,  Selected  Topics  in  Solid  State  Physics,  Advanced  topics 
selected  from  the  area  of  optical  interactions  in  Semi- 
conductors with  emphasis  on  ultrashort  and  nonlinear  pro- 
cesses . 

Physics  590,  Special  problems  in  picosecond  spectroscopy  for  the  Individual 
591,  690,  Graduate  Student.  Problem  chosen  by  the  student  under  super- 
and  691  vision  of  professor. 

Physics  694,  Individual  Research  for  doctoral  students. 


Supervision  of  Thesis: 

Steve  C.  Moss,  Ph.D.  student,  1976- 
J.  Ryan  Lindle,  Ph.D.  student,  1976- 
Gary  Paul  Perryman,  Ph.D.  student,  1978 
Paul  K.  Kennedy,  masters  student,  1978- 
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Picosecond  optical  measurement  of  free-carrier,  intcrvalence-band,  and  indirect  absorption  in 
germanium  at  high  optically  created  carrier  densities 

Arthur  L.  Smirl,  J.  Ryan  Luuile,  and  Steven  C.  Moss 
Department  of  Physics.  Sorth  Texas  Slate  University.  Denton.  Texas  76203 
(Received  6 March  1978;  revised  manuscript  received  15  August  197X> 

It  has  been  suggested  that  enhanced  intervalence-hand  and  Coulomb-assisted  indirect-absorption  effects 
may  be  significant  at  the  high  optically  created  carrir  densities  encountered  in  the  recent  excite  and  probe 
experiments  performed  in  germanium  using  intense  picosecond  optical  pulses  with  a wavelength  of  1 06  pm, 
and  that  these  processes  may  result  in  an  absorption  versus  earner-density  curve  containing  a minimum  Such 
a curve  could  then  be  combined  with  a recombination  process  to  explain  the  results  of  the  excite  and  probe 
expenments.  Here,  we  report  measurement  of  the  combined  free-carrier,  intervalence-band,  and  indirect 
absorbance  in  thin  germanium  samples  dunng  these  excite  and  probe  experiments  by  exciting  at  1.0b  pm 
and  by  probing  both  at  1.06  pm  and  with  a Raman-generated  probe  at  1.55  pm.  The  measurements  suggest 
that  these  processes  are  significant  at  the  high  optically  created  carrier  densities  encountered  in  the  present 
excite  and  probe  experiments;  however,  they  do  not  introduce  a minimum  in  the  absorption  versus  earner- 
density  curve  as  originally  suggested 


1 INTRODUCTION 

Recently,  studies  of  the  optical  properties  of 
high-densitv  electron-hole  plasmas  generated  in 
undoped  germanium  by  intense  ultrashort  pulses 
have  provided  direct  information  concerning  ultra- 
fast electronic  processes.1'12  Among  these  studies 
are  the  measurement  of  the  enhanced  transmission 
of  single  ultrashort  optical  pulses  through  germa- 
nium1-5 and  the  measurement  of  the  temporal  evo- 
lution of  this  enhanced  transmission  on  a picosec- 
ond time  scale  using  the  excite  and  probe  tech- 
nique.5,5  In  the  first  of  these  experiments,  the 
nonlinear  transmission  of  a single  picosecond  1 .06- 
pm  pulse  was  investigated  as  a function  of  incident 
optical  pulse  energy  for  sample  temperatures  of 


INCIDENT  QUANTA  (X=  1.06/am) 

FIG.  1.  Transmission  of  a 5.2-pm-thick  germanium 
sample  at  1.06  pm  as  a function  of  incident  quanta  at  1.06 
pm  for  sample  temperatures  of  100  and  297  K.  The 
dashed  lines  are  theoretical  curves  from  Elci  et  al . 

(Ref.  7).  The  data  are  from  Smirl  et  al.  (Ref.  5). 


100  and  297  K The  resulting  data,  reproduced 
from  Smirl  et  al.,5  are  shown  in  Fig.  1 along  with 
theoretical  curves  to  be  discussed  later.  In  the 
second  study,  the  sample  was  first  irradiated  by 
an  excitation  pulse  of  sufficient  energy  to  cause 
the  transmission  of  the  germanium  to  be  enhanced. 
This  initial  pulse  was  then  followed  at  various  time 
delays  by  a weak  probe  pulse,  of  the  same  wave- 
length, that  measured  the  temporal  evolution  of  the 
germanium  transmission.  Probable -pulse  trans- 
mission data  for  various  delay  times  and  for  sample 
temperatures  of  100  and  297  K are  presented  in  Fig. 

2,  again  taken  from  Smirl  el  al.5  The  latter  mea- 


0 50  100  150  200  250  300 


TIME  DELAY  (psec) 

FIG.  2.  Probe-pulse  transmission  vs  delay  between 
the  excitation  pulse  at  1.06  pm  and  the  probe  pulse  at 
1.06  pm  for  sample  temperatures  of  100  and  297  K. 

The  data  are  plotted  as  the  normalized  ratio  of  probe- 
pulse  transmission  to  excitation-pulse  transmission, 
TpjTE,  arbitrary  units.  The  dashed  lines  are  theoreti- 
cal curves  from  Elci  et  a I . (Ref.  7).  The  solid  lines  are 
theoretical  curves  from  van  Driel  (Ref.  15).  The  ex- 
perimental data  arc  from  Smirl  et  al . (Ref.  5). 
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surements  reveal  that  the  probe  transmission  in- 
creases for  approximately  100  psec  following  ex- 
citation for  a sample  temperature  of  100  K;  how- 
ever, the  rise  in  probe  transmission  is  less  than 
40  psec  at  297  K.  Originally,  Shank  and  Auston3 
attributed  this  rise  in  the  probe  transmission  to  a 
saturation  of  the  absorption  caused  by  a filling  of 
the  optically  coupled  conduction-band  states  and  a 
depletion  of  the  valence-band  states  by  direct 
band-to-band  transitions  induced  by  the  excitation 
pulse.  Thus,  the  optically  created  carrier  density, 
and  consequently  the  increase  in  probe  transmis- 
sion, follows  the  integrated  optical  pulse  energy. 
This  interpretation  was  based  on  observations  per- 
formed only  at  room  temperature.  As  we  shall 
later  demonstrate,  the  rise  in  probe  transmission 
at  room  temperature  is  indeed  indistinguishable 
from  other  integration  effects,  in  agreement  with 
this  interpretation.  However,  such  a model  cannot 
account  for  the  slower  rise  observed  at  100  K.  Elci 
ct  al . ,7  in  a recently  proposed  model,  have  attrib- 
uted this  rise  in  the  probe  transmission  to  a cool- 
ing of  a hot  electron- hole  plasma  created  by  the 
excitation  pulse.  In  sharp  contrast  to  this  inter- 
pretation, Auston  ct  al ,12  have  stated  that  they  ex- 
pect the  energy  relaxation  time  to  be  too  short  to 
account  for  the  rise  in  probe  transmission  In- 
deed, Auston  and  McAfee”  have  suggested  a plaus- 
ible alternative  explanation  for  the  temporal  evolu- 
tion of  the  probe  transmission  in  terms  of  en- 
hanced Coulomb-assisted  indirect  absorption,  in- 
tervalence-band absorption,  and  Auger  recombin- 
ation. This  explanation  does  not  require  hot-elec- 
tron effects. 

Here,  we  report  measurements  of  the  combined 
free-carrier,  intervalence-band,  and  indirect  ab- 
sorbance in  thin  germanium  samples  at  a wave- 
length of  1.55  pm  during  excite  and  probe  experi- 
ments at  a wavelength  of  1.06  pm.  Our  interests 
in  these  measurements  are  twofold.  First,  we 
want  to  ascertain  whether  or  not  free-carrier,  in- 
tervalence-band,  and  indirect  absorption  effects 
are  important  in  excite-probe  experiments  at  1 06 
pm.  Second,  if  these  effects  are  important,  can 
they,  together  with  Auger  effects,  account  for  the 
rise  in  probe  transmission. 

In  Sec.  II,  we  briefly  review  the  model  presented 
by  Elci  ct  al  7 and  emphasize  the  processes,  or 
omission  of  processes,  that  are  relevant  to  the 
present  measurements  In  addition,  in  Sec.  Ill, 
we  briefly  describe  a model  suggested  by  Auston 
and  McAfee1'  that  accounts  for  the  rise  in  probe 
transmission  without  employing  hot-electron  ef- 
fects. These  reviews  are  then  followed  in  Sec.  IV 
by  a description  of  the  experimental  apparatus  and 
techniques  for  measuring  the  combined  contribu- 
tions of  free-carrier,  intervalence- band,  and  in- 


direct absorption  processes  to  the  excite  and  probe 
response  of  germanium.  Section  V presents  a dis- 
cussion of  our  results,  and  the  final  section,  Sec. 
VI,  our  conclusions 

II  COMMENTS  ON  THE  HOT-ELECTRON  MODEL 

Briefly,  according  to  the  model  proposed  by  Elci 
ct  at.' y the  transmission  of  a single  optical  pulse 
through  a thin  (5.2-pm-thick)  germanium  sample 
as  a function  of  incident  pulse  energy  (Fig.  11  and 
the  transmission  of  a weak  probe  pulse  as  a func- 
tion of  time  delay  after  an  energetic  pulse  (Fig  2) 
can  be  accounted  for  in  terms  of  direct  band-to- 
band  absorption,  free-carrier  absorption,  phonon- 
assisted  intervalley  scattering,  phonon-assisted 
carrier  relaxation,  carrier-carrier  collisions, 
and  nonradiative  recombination  in  the  following 
manner.  When  an  excitation  pulse  is  incident  on 
the  germanium  sample,  the  unreflected  portion  of 
the  pulse  enters  the  sample  where  most  of  it  is 
absorbed  by  direct  transitions,  creating  a large 
density  of  electrons  (holes)  in  the  rcntral  valley 
of  the  conduction  (valence)  band  T le  electrons 
are  rapidly  (<10',,‘  sec)  scattered  to  the  conduc- 
tion-band side  valleys  by  long-wave- . ector  pho- 
nons. Carrier-carrier  scattering  events,  which 
occur  at  a rate  comparable  to  the  direct  absorp- 
tion rate,  ensure  that  the  carrier  distributions  are 
Fermi-like  and  that  both  electron  and  hole  distri- 
butions have  the  same  temperature,  which  can  be 
different  from  the  lattice  temperature.  Since  the 
photon  energy  Ifa'0  is  greater  than  either  the  direct 
energy  gap  Ea  or  the  indirect  band  gap  Ec,  such  a 
direct  absorption  event  followed  by  phonon-assist- 
ed scattering  of  an  electron  to  the  side  valleys  re- 
sults in  the  photon  giving  an  excess  energy  of  ffu>0 
-E0  to  thermal  agitation.  This  excess  energy  re- 
sults in  an  initial  distribution  temperature  (ap- 
proximately 1500  K for  a lattice  temperature  of 
300  K)  due  to  direct  absorption  that  is  greater  than 
the  lattice  temperature.  Thus,  the  single-pulse 
transmission  would  begin  at  its  Beer’s-law  value 
and  increase  as  a function  of  incident  optical  pulse 
energy  because  of  the  partial  filling  (depletion)  of 
the  optically  coupled  states  in  the  conduction  (va- 
lence) band  as  a result  of  direct  absorption.  Other 
processes  such  as  free-carrier  absorption  and 
nonradiative  recombination  events  (i.e.,  Auger  and 
plasmon-assisted  recombination)  can  further  raise 
the  carrier  temperature  during  the  passage  of  the 
excitation  pulse,  while  phonon-assisted  intravalley 
relaxation  processes  can  reduce  the  carrier  tem- 
perature. 

After  the  passage  of  the  excitation  pulse,  the  in- 
teraction region  of  the  sample  contains  a large 
number  of  carriers  (1019-1020  cm"3)  with  a high 
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distribution  temperature.  The  final  temperature 
is  determined  by  the  number  of  quanta  in  the  exci- 
tation pulse  and  the  relative  strengths  of  the  non- 
radiative  recombination  and  the  phonon-assisted 
relaxation  rates  as  discussed  by  Latham  et  al.'° 

As  time  progresses,  the  distribution  will  continue 
to  cool  by  phonon-assisted  intravalley  relaxation 
Experimentally,  the  probe  pulse  interrogates  the 
evolution  of  the  distribution  after  the  passage  of 
the  excitation  pulse  and  is  a sensitive  measure  of 
whether  the  optically  coupled  states  are  available 
for  absorption  or  are  occupied  Immediately  after 
the  passage  of  the  excitation  pulse,  the  probe 
transmission  is  small  since  the  electrons  (holes) 
are  located  high  (low)  in  the  conduction  (valence) 
bands  because  of  the  high  distribution  tempera- 
ture, leaving  the  states  that  are  optically  coupled 
available  for  direct  absorption.  Later,  as  the  dis- 
tribution temperature  cools  and  carriers  fill  the 
states  needed  for  absorption,  the  transmission  in- 
creases. The  subsequent  slow  fall  in  probe  trans- 
mission at  longer  delays,  as  seen  in  Fig.  2,  is  at- 
tributed to  carrier  recombination,  which  reduces 
the  carrier  density  and  once  again  frees  the  op- 
tically coupled  states  for  absorption,  and  to  diffu- 
sion.:l,n 

The  theoretical  fits  from  Elci  el  al.  to  the  sin- 
gle-pulse-transnnssion  data  and  probe-pulse  data 
are  shown  as  dashed  lines  in  Fig.  1 and  Fig.  2. 
Given  the  complexity  of  the  problem,  the  overall 
fit  can  be  regarded  as  satisfactory.  Nonlinear 
transmission  measurements  in  which  the  energy 
band  gap  of  the  germanium  sample  was  tuned  by 
hydrostatic  pressure"  have  been  accounted  for  by 
this  model  as  well. 

Despite  the  apparent  successes  of  this  model, 
some  basic  questions  remain  concerning  the  roles 
of  the  various  physical  processes  in  determining 
the  saturation  and  temporal  evolution  of  the  optical 
transmission  of  thin  germanium  samples  under  in- 
tense optical  excitations.  Elci  el  alS  noted  that 
their  calculations  included  only  a limited  number 
of  the  possible  electronic  interactions  and  con- 
tained serious  assumptions  that  warranted  further 
theoretical  and  experimental  investigation.  The 
major  assumptions  were  the  following:  (i)  The 
carrier-carrier  collision  rate  was  assumed  to  be 
high  enough  to  justify  taking  the  carrier  distribu- 
tions to  be  Fermi-Dirac.  Ferry"  has  recently  re- 
examined this  approximation  by  calculating  the 
time  and  energy  dependence  of  the  distribution 
function  at  the  high  carrier  photogeneration  rates 
encountered  here.  He  concludes  that  on  a time 
scale  of  tens  of  picoseconds  the  distribution  func- 
tion does  indeed  approximate  a Fermi  distribution; 
however,  on  shorter  time  scales  it  contains  a 6- 
function-like  spike  located  at  the  optically  coupled 


states.  Thus,  for  purposes  of  calculating  the 
probe-pulse  transmission,  one  may  reasonably 
assume  the  distribution  is  Fermi-like,  (ii)  Car- 
rier Fermi  energies  and  temperatures  were  taken 
to  depend  only  on  time,  rather  than  on  both  space 
and  time,  thus  ignoring  the  pulse-propagation  and 
carrier-diffusion  problems  within  the  optical  in- 
teraction region  of  the  sample.  Therefore,  pa- 
rameters describing  the  electron-hole  plasma, 
such  as  the  electron  number,  must  be  viewed  as 
spatial  averages  throughout  the  sample  volume. 

Elci  el  al."  have  recently  extended  their  previous 
model,  through  a simple  calculation,  to  indicate 
the  possible  effects  of  carrier  diffusion  on  these 
optical  measurements. 

Elci  el  al ,7  noted  at  the  outset  that  their  work 
contained  only  a few  of  the  many  possible  electron- 
ic interactions.  Recent  studies '■  12'"  indicate  that 
processes  other  than  those  named  above  may  be 
important.  Most  of  these  effects,  such  as  band- 
gap  narrowing,"  intervalence-band  absorption,11 
Auger  recombination"  and  Coulomb-assisted  in- 
direct absorption,12  are  only  observed  at  large 
carrier  densities.  The  possible  importance  of  in- 
cluding these  processes  in  any  interpretation  of  the 
rise  in  probe  transmission  is  demonstrated  in  the 
following  sections.  One  of  the  main  objectives  of 
the  present  study  is  to  investigate  the  effects  of  the 
combined  intervalence-band,  Coulomb-assisted  in- 
direct, and  free-carrier  absorption  and  Auger  re- 
combination on  the  excite  and  probe  measurements 
at  1.06  pm. 

In  the  previous  two  paragraphs,  we  have  outlined 
the  assumptions  and  omissions  of  the  initial  hot- 
electron  model;  however,  there  is  another  problem 
associated  with  the  original  calculations  that  is  of 
importance  to  the  present  work.  The  physical  con- 
stants for  germanium,  specifically  the  electron- 
phonon  coupling  constants,  are  not  well-known 
enough  to  allow  a precise  calculation  of  the  energy 
relaxation  rate.  Latham  t,  al.10  have  previously 
discussed  this  point  in  detail.  For  the  theoretical 
fits  shown  in  Fig.  2,  the  electron-phonon  coupling 
constants  are  chosen  as  6 x 10*  ' erg  cm"'  for  a 
lattice  temperature  of  297  K and  2x  10"'  erg  cm'1 
at  100  K.  These  values  are  within  the  range  of  the 
accepted  theoretically  and  experimentally  deter- 
mined values  listed  by  Latham  el  al.'0-,  however, 
they  are  much  lower  than  the  mean  value  of  1 x 10"' 
erg  cm'1  as  obtained  from  an  average  of  the  eight 
values  listed.  Since  the  carrier  cooling  rate  is 
proportional  to  the  square  of  the  electron-phonon 
coupling  constant,  the  fitted  values  result  in  car- 
rier cooling  rates  that  are  3 and  25  times  slower 
than  that  obtained  by  using  the  average  value.  In 
fact,  a repetition  of  the  original  calculations  sub- 
stituting the  average  electron-phonon  coupling 
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constant  shows  (see  Latham  et  al.,10  (Fig.  8)  that 
carrier  cooling  is  too  rapid  to  account  for  the  rise  in 
probe  transmission,  in  complete  agreement  with 
the  claims  by  Auston  et  al.'2  However,  van  Drielr‘ 
has  recently  calculated  the  influence  of  hot  phonons 
on  the  carrier-energy  relaxation  rate  in  these 
problems.  These  calculations  suggest  that  the  long 
equilibration  time  for  the  hot  carriers  is  due  to  a 
relaxation  bottleneck  produced  by  a buildup  of  the 
optical-phonon  population  on  a picosecond  time 
scale.  The  results  of  these  calculations,  taking 
into  account  optical-phonon  heating  and  employing 
only  a single  average  temperature- independent 
electron-phonon  coupling  constant,  are  shown  as 
solid  curves  in  Fig.  2.  Note  that  the  inclusion  of 
hot  phonons  accounts  for  one  of  the  major  discrep- 
ancies between  the  original  theory  and  experiment. 
Namely,  in  contrast  to  the  original  theory  that 
predicted  a delayed,  steep  rise,  the  present  theo- 
ry shows  a steep  rise  with  gradual  leveling  off  in 
agreement  with  the  data.  The  solid  curves  in  Fig. 

2 were  taken  directly  from  van  Driel."  The 
agreement  between  the  modified  theory  and  exper- 
iment is  remarkable;  however,  this  agreement 
should  be  regarded  as  somewhat  fortuitous  in  view 
of  the  simplifications  of  the  model,  the  limited 
number  of  processes  included,  and  the  uncertainty 
in  many  of  the  physical  constants. 

For  emphasis,  we  now  summarize  the  principal 
points  of  this  section:  (i)  According  to  Elci  el  al., 
the  rise  of  the  optical  transmission  of  the  germa- 
nium with  time  as  monitored  by  a weak  probe  pulse 
is  attributed  to  the  cooling  of  a hot-electron-hole 
plasma,  created  by  the  absorption  of  the  excitation 
pulse,  (ii)  In  view  of  the  above  discussions  and  in 
the  absence  of  any  direct  experimental  evidence, 
the  authors  regard  the  question  of  the  magnitude 
of  the  energy  relaxation  rate  and  the  question  of  the 
origin  of  the  rise  of  the  probe  transmission  as 
open.  It  is  in  this  spirit  of  suggesting  plausible  al- 
ternative models  for  evaluation  that  McAfee  and 
Auston"  first  suggested  the  possibility  of  describ- 
ing the  rise  in  probe  transmission  in  terms  of 
free-carrier,  intervaience-band,  and  Coulomb- 
assisted  indirect  absorption  together  with  Auger 
recombination.  This  model  is  reviewed  in  Sec.  111. 

Ill  INDIRECT.  INTERVALENCE-BAND.  ANI)  FRF.E- 

t ARRIt R ABSORPTION  AND  AUGER  RECOMBINATION 

In  direct  contrast  to  the  above  model,  Auston 
and  McAfee"  have  recently  suggested  an  alterna- 
tive explanation  for  the  delayed  probe-pulse  trans- 
mission in  germanium  without  requiring  the  intro- 
duction of  hot-electron  effects.  In  fact,  their  sug- 
gested explanation  is  based  on  three  of  the  pro- 
cesses neglected  by  the  original  calculations  of 


Elci  etal.1:  Auger  recombination,  Coulomb- 
assisted  indirect  absorption,  and  intervalence- 
band  absorption.  Specifically,  this  model  is  based 
on  experiments  by  Auston  et  al.,4  on  300-pm-thick 
samples,  that  are  interpreted  as  demonstrating 
that  Auger- recombination  effects  are  important  on 
picosecond  time  scales;  on  the  observation  of  en- 
hanced indirect  Coulomb-assisted  absorption  in 
heavily  doped  x-type  germanium  by  Haas";  and  on 
the  observation  of  strong  intervalence-bana  ab- 
sorption between  the  light-  and  heavy-hole  and 
split-off  valence  bands  in  />- type  germanium  by 
Newman  and  Tyler. 17  Since  the  present  work  is  an 
attempt  to  experimentally  investigate  the  role  of 
these  processes  in  determining  the  evolution  of  the 
optical  properties  of  germanium  at  hi^h  carrier 
densities,  we  shall  briefly  state  the  conclusions 
of  these  last  two  works.  We  then  review  the  manner 
in  which  enhanced  indirect  absorption  and  inter- 
valence-band absorption  together  with  Auger  re- 
combination could  account  for  the  probe  transmis- 
sion versus  time  delay  after  an  intense  excitation 
pulse  in  thin  germanium  samples. 

Haas"  reports  that  the  indirect  absorption  rises 
more  rapidly  with  photon  energy  in  n-type  germa- 
nium than  in  pure  germanium.  The  effects  con- 
sidered as  sources  for  this  extra  absorption  are 
(i)  modification  of  the  band  structure  by  impuri- 
ties, (ii)  impurity-assisted  indirect  transitions, 
and  (iii)  Coulomb-assisted  indirect  transitions, 
where  the  virtual  scattering  of  the  electrons  from 
the  central  to  the  side  valley  is  by  electron-elec- 
tron scattering.  Haas  concludes  that  at  high  con- 
centrations electron-electron  scattering  dominates 
the  indirect  transitions.  If  we  extrapolate  his  re- 
sults, they  suggest  that,  at  an  optical  wavelength 
of  1.06  pm  and  electron  densities  as  large  as 
2 x 102'1  cm"3,  the  indirect- absorption  coefficient 
might  be  as  large  as  lO4  cm"1. 

Newman  and  Tyler17  report  measurement  of  the 
"ree-hole  absorption  in  p-type  germanium  as  a 
function  of  impurity  and  carrier  concentration. 

The  effects  to  be  considered  in  explaining  the 
strong  obstrved  free-hole  absorption  at  high  car- 
rier concentrations  are  (i)  modification  of  the  band 
structure  by  impurities,  (ii)  band-to-band  transi- 
tions between  light-  and  heavy-hole  valence  bands 
and  the  split-off  valence  band  as  the  position  of  the 
Fermi  level  changes  within  the  valence  band  with 
doping,  and  (iii)  indirect  transitions  induced  by 
charged-impurity  centers.  They  conclude  that 
their  observations  suggest  that  both  intervalence 
band  transitions  and  impurity-assisted  indirect 
transitions  contribute.  In  experiments  employing 
undoped  samples,  where  the  carriers  are  generat- 
ed by  optical  absorption,  only  the  intervalence- 
band  process  will  be  significant.  If  their  results 
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are  extrapolated  to  a photon  energy  of  1.17  eV  and 
a concentration  of  2 x lO20  cm'3,  the  free-hole  ab- 
sorption coefficient  could  again  be  as  large  as  104 
cm'1. 

The  suggestion  of  an  alternative  explanation  for 
the  delayed  probe  transmission  of  optically  excited 
germanium  without  requiring  phonon-assisted  re- 
laxation of  hot  electrons  is  based  on  the  two  mech- 
anisms discussed  above.  In  particular,  it  is  based 
on  the  details  of  the  way  germanium  absorption 
might  vary  with  increasing  optically  created  car- 
rier density.  Consider  the  behavior  of  the  total 
absorption  coefficient  as  the  carrier  density  in- 
creases because  of  band-to-band  transitions  dur- 
ing the  passage  of  an  intense  excitation  pulse. 

(The  carrier  temperature  is  taken  to  be  that  of 
the  Lattice,  since  all  carrier  energy  relaxation 
processes  are  assumed  to  be  too  rapid  for  obser- 
vation, in  contrast  to  Elci  el  al.7)  The  direct  ab- 
sorption coefficient  will  decrease  with  increasing 
density  as  optically  created  electrons  (holes)  clog 
the  states  needed  for  optical  absorption  in  the  con- 
duction (valence)  band.  Meanwhile,  as  the  density 
increases,  the  additional  mechanisms  discussed 
previously,  Coulomb-assisted  indirect  absorption, 
intervalence-band  absorption,  and  tree-carrier 
absorption,  increase.  Thus,  the  absorption  coef- 
ficient could  initially  decrease  with  increasing 
density,  as  the  direct  absorption  coefficient  satu- 
rates, then  increase  with  increasing  density,  as 
the  free-carrier,  intervalence-band,  and  indirect 
absorption  coefficients  dominate.  In  short,  the 
fact  that  the  direct  absorption  coefficient  decreas- 
es with  increasing  carrier  number  and  that  the  en- 
hanced intervalence-band,  free-carrier,  and  Cou- 
lomo-assisted  indirect  absorption  coefficients  in- 
crease can  result  in  introducing  a minimum  in  the 
absorption  versus  density  relationship  as  suggest- 
ed by  Auston  cl  al We  denote  the  density  at 
which  the  minimum  absorption  might  occur  as  n^. 
The  rise  in  the  probe  transmission  with  time  can 
now  be  accounted  for  by  combining  the  details  of 
the  way  the  absorption  saturates  with  carrier  den- 
sity together  with  a monotonic  decrease  in  carrier 
density  with  lime  due  to  Auger  recombination  in 
the  following  manner.  The  absorption  of  the  ex- 
citation pulse  creates  an  initial  carrier  density 
greater  than  As  the  carrier  density  is  de- 

creased by  Auger  recombination,  the  absorption 
coefficient  of  the  sample  will  decrease  in  time  un- 
til the  carrier  density  reaches  «m,„,  then  increase. 
Thus,  the  probe  transmission  will  increase  then 
decrease  if  the  initial,  optically  created  carrier 
density  is  greater  than  nml„.  We  shall  henceforth 
reler  to  the  model  described  in  this  section  as  the 
recombination  model  because  of  the  role  of  the 
Auger  recombination. 


For  emphasis,  we  summarize  the  features  of  the 
two  models  that  are  essential  for  comparison  with 
present  measurements.  We  note,  once  again,  that 
Elci  el  al.7  attribute  the  rise  in  probe  transmission 
with  delay  after  an  excitation  pulse  to  phonon-as- 
sisted cooling  of  a hot  carrier  distribution  and  that 
free-carrier,  intervalcnce-band,  and  Coulomb- 
assisted  indirect  transitions  were  either  omitted 
from  the  model  or  judged  to  be  insignificant.  Au- 
ger-recombination processes  were  omitted  from 
this  model.  The  recombination  model  accounts 
for  the  rise  in  probe  transmission  by  combining 
Auger  recombination  with  an  absorption  versus 
density  relationship  containing  a minimum.  We 
stress  that  the  success  of  the  second  model,  as  it 
now  stands,  depends  on  the  absorption  decreasing 
then  increasing  with  carrier  density:  there  must 
he  an  absorption  minimum. 


IV  EXPERIMENT 

The  particular  experimental  configuration  used 
to  measure  the  contributions  of  intervalence-band, 
free-carrier,  and  indirect  absorption  to  the  gen- 
eration and  evolution  of  dense,  optically  created 
electron-hole  plasmas  in  thin  germanium  samples 
is  depicted  in  Fig.  3.  This  arrangement  is  similar 
to  the  arrangement  utilized  by  Auston  et  al  7 In 
this  application  of  the  excite  and  probe  technique, 
a high-density  plasma  is  created  by  direct  absorp- 
tion of  an  intense  excitation  pulse,  and  the  evolu- 
tion of  the  plasma  is  monitored  by  a second  probe 
pulse.  The  excitation  pulses  were  selected  by  a 
laser-triggered  spark  gap  and  a Pockel’s  cell  from 
trains  of  pulses  produced  by  a mode-locked  Nd- 
glass  Liser.  The  pulses  were  5 to  10  psec  in  dura- 
tion and  had  peak  powers  of  approximately  10“  W 
at  a wavelength  of  1.06  pm,  and  they  produced  a 
measured  irradiance  of  approximately  I x 10"-  J 
cm2  when  focused  on  the  crystal  surface.  The 
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FIG.  3.  Block  diagram  of  the  experimental  configura- 
tion for  excite  and  probe  measurements  at  1.06  and  1.55 
nm,  where  MLL  denotes  the  mode -locked  laser,  EOS 
the  electro-optical  switch,  A the  laser  amplifier,  SRS  the 
stimulated-Raman-scattering  cell,  M a mirror,  D a de- 
tector, 11  and L2  lens,  and  S the  sample. 
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plasma  produced  by  the  absorption  of  the  excitation 
pulse  was  probed  using  weak  pulses  of  two  types: 
one  had  an  energy  greater  than  the  direct  energy 
band  gap  for  germanium,  and  the  other  had  an  en- 
ergy less  than  the  direct  gap  but  greater  than  the 
indirect  gap.  The  former  was  derived  from  the 
excitation  pulse  using  a beam  splitter  as  shown  in 
Fig.  3.  The  latter,  having  a wavelength  of  1.55 
pm,  was  produced  by  stimulated  Raman  scattering 
in  benzene.  The  desired  probe  wavelength  was  se- 
lected by  employing  either  a thick  wafer  of  silicon 
to  reject  the  1.06-pm  radiation  or  narrow  band- 
pass optical  filters  to  reject  the  1.55-pm  radia- 
tion. Other  wavelengths  generated  by  the  stimulat- 
ed scattering  in  benzene,  such  as  1.18  pm,  were 
rejected  by  carefully  selected  interference  filters. 
We  emphasize  that  the  energy  of  a quanta  at  1.0G 
pm  (1.17  eV)  is  sufficient  to  excite  direct  band-to- 
band  transitions  in  germanium  as  well  as  free- 
carrier,  intervalence-band,  and  indirect  transi- 
tions; whereas,  the  energy  of  a quanta  at  1.55  pm 
(0.80  pV)  falls  below  the  direct  band  gap  but  above 
the  indirect  gap  and  is,  thus,  only  a measure  of 
the  combined  free-carrier,  intervalence-band, 
and  indirect  processes.  The  incident  excitation 
pulse  irradiance  was  measured  and  the  overlap  of 
excitation  and  probe  pulses  was  ensured  employ- 
ing techniques  described  in  Ref.  4.  The  excitation 
pulse  irradiance  was  determined  by  measuring  the 
energy  transmitted  through  a pinhole  located  at  the 
focus  of  the  excitation  beam  and  coplanar  with  the 
germanium  wafer  using  a calibrated  detector.  The 
probe  beam  was  more  tightly  focused  than  the  ex- 
citation beam  to  ensure  complete  spatial  overlap 
with  the  excitation  beam.  The  size  of  the  pinhole 
was  such  that  it  transmitted  50%  of  the  excitation 
pulse  and  90%  of  the  probe.  Despite  these  precau- 
tions, we  observed  indications  of  day-to-day  vari- 
ations in  excitation-beam  and  probe-beam  overlap. 
We  attribute  these  variations  to  “hot”  spots  in  the 
focused  multimode  laser  pulses. 

The  germanium  sample  was  a high  purity  (pmin 
= 40  fj  cm)  single  crystal  cut  with  the  (111)  plane 
as  face.  The  sample  was  polished  and  etched  with 
Syton  to  a thickness  of  6 pm  as  determined  by  in- 
terferometric techniques. 

V RESULTS  AND  DISCUSSION 

Here,  we  present  and  discuss  the  results  of  three 
separate  measurements,  (i)  In  the  first  of  these, 
the  sample  is  illuminated  by  an  intense  excitation 
pulse  at  a wavelength  of  1.06  pm.  The  transmis- 
sion of  a weak  probe  pulse  at  1.06  pm  that  arrives 
at  a variable,  delayed  time  after  the  excitation 
pulse  is  then  monitored.  We  perform  these  mea- 
surements, which  repeat  those  by  Smirl  el  nl.,  to 
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ensure  that  the  rise  in  probe  transmission  can  be 
separated  from  any  artifacts  of  the  measurement 
technique,  (li)  Next,  the  sample  is  irradiated  by 
1.06-pm-excitation  pulses  of  various  intensity  tliat 
create  electron-hole  plasmas  of  varying  density  by 
direct  band-to-band  transitions.  The  change  in 
absorbance  at  0.80  and  1.17  eV,  as  a function  of 
plasma  density,  is  then  measured  by  monitoring 
the  transmission  of  weak  probe  pulses  at  1.55  and 
1.06  pm  that  arrive  a short  fixed  delay  after  ex- 
citation. These  1.06-pm-probe  transmission  mea- 
surements will  provide  the  absorbance  versus  den- 
sity curve  needed  for  investigation  of  the  recom- 
bination model  described  in  Sec.  III.  The  1.55- 
pm-probe  measurements  will  give  a measure  of 
the  importance  of  free-carrier,  intervalence-band, 
and  indirect  absorbance  as  a function  of  carrier 
density,  (iii)  Finally,  the  transmission  of  a weak 
1.55-pm-probe  pulse  is  measured  at  various  de- 
lays following  an  intense  1.06-pm-excitation  pulse. 
The  1.55-pm-probe  pulse  monitors  the  temporal 
evolution  of  the  change  in  the  combined  free-car- 
rier, intervalence-band,  and  indirect  absorbance 
following  the  photogeneration  of  a dense  electron- 
hole  plasma. 

The  results  of  experiments  that  measure  the 
temporal  evolution  of  the  transmission  of  a thin 
germanium  sample  at  a wavelength  of  1.06  pm  fol- 
lowing the  creation  of  a dense  electron-hole  plas- 
ma are  shown  in  Fig.  4.  The  measurements  were 
performed  in  the  following  manner  (see  insert, 

Fig.  4).  The  sample  was  irradiated  by  1.06-pm- 
excitation  pulses  containing  approximately  2 x 10'^ 
quanta,  and  the  transmission  of  each  pulse  was 
measured.  Each  excitation  pulse  was  then  followed 
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FIG.  4.  Probe-pulse  transmission  vs  delay  between 
the  excitation  pulse  at  1.06  pm  and  the  probe  pulse  at 
1.06  pm  for  sample  temperatures  of  100  and  295  K.  The 
data  are  plotted  as  the  normalized  ratio  of  probe-pulse 
transmission  to  excitation-pulse  transmission.  T pfT B, 

In  arbitrary  units.  The  error  bars  represent  one  statis- 
tical standard  deviation. 
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at  various  delays  by  a weak  probe  pulse  at  1.06 
pm.  These  measurements  were  performed  for 
sample  temperatures  of  100  and  295  K.  The  data 
are  plotted  as  the  ratio  of  probe-pulse  transmis- 
sion Tp  to  excitation-pulse  transmission  TE,  in 
arbitrary  units,  versus  time  delay  in  picoseconds. 
The  arbitrary  units  are  chosen  so  that  the  peak  of 
the  probe  transmission  at  100  K is  unity.  The  ac- 
tual value  of  the  ratio  Tp  T E was  observed  to  be 
as  large  as  six;  however,  this  value  strongly  de- 
pends on  the  quality  of  the  spatial  overlap  of  the 
focused  excitation  and  probe  pulse  on  the  sample 
surface.  These  measurements  are  identical  to 
those  performed  by  Smirl  et  al.,  as  presented  in 
Fig.  2.  However,  when  comparing  the  two  sets  of 
data,  one  must  realize  that  the  sample  thickness 
and  focused  optical  spot  sizes  are  not  identical. 

The  measurements  of  Smirl  el  al.''  are  repeated 
so  that  we  can  more  carefully  investigate  the  pos- 
sibility that  the  rise  in  probe  transmission  follows 
the  integrated  optical  energy.  Specifically,  we 
want  to  be  assured  that  the  rise  in  probe  transmis- 
sion is  a real  effect  and  that  it  is  not  an  artifact 
of  the  excite-probe  technique  that  can  be  attributed 
to  the  finite  width  of  the  optical  pulses.  For  com- 
parison, we  have  calculated  the  probe-pulse  trans- 
mission by  assuming  a Drude  model  for  the  elec- 
tron-hole plasma,  calculating  the  optical  polariza- 
tion, and  substituting  into  the  wave  equation.  The 
details  of  such  a procedure  are  published  else- 
where, % 18  and  they  are  not  repeated  here.  The 
calculated  rise  in  the  probe-pulse  transmission, 
neglecting  all  decay  processes,  is  simply  propor- 
tional to  the  integral  of  the  pulse  autocorrelation 
function.  The  resulting  theoretical  integration  curve 
assuming  Gaussian-shaped  optical  pulses  of  10- 
psec  width  [full  width  at  half  maximum  (FWHM)| 
is  shown  as  a solid  line  in  Fig.  5.  Experimental 
data  from  Fig.  4 are  plotted  on  an  expanded  time 
scaie  for  comparison.  The  authors  conclude  that 
the  experimental  rise  in  probe  transmission  at 
295  K is  indistinguishable  from  integration  effects, 
in  agreement  with  the  original  interpretation  of 
the  room  temperature  data  bv  Shank  and  Auston.' 
However,  the  rise  at  100  K cannot  be  attributed  to 
such  effects  and  represents  a physical  effect.  It  is 
this  rise  in  probe  transmission  at  100  K that  is  the 
object  of  our  investigation.  Finally,  we  note  that 
coherent  coupling  effects3’10  are  observed  in  these 
experiments  as  well;  however,  the  delay  incre- 
ments of  Fig.  5 are  too  coarse  to  resolve  them. 

The  results  of  the  measurement  of  the  change  in 
absorbance  of  the  thin  germanium  crystal  as  a 
function  of  increasing  carrier  number  (incident 
excitation  pulse  energy  at  1.06  pm)  are  shown  in 
Fig.  6 for  photon  energies  of  1.17  and  0.8  eV. 
These  data  were  obtained  in  the  following  manner. 
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FIG.  5.  Normalized  probe-pulse  transmission  in  arbi- 
trary units  vs  delay  between  the  excitation  pulse  at  1.06 
pm  and  the  probe  pulse  at  1.06  pm  for  sample  tempera- 
tures of  100  and  295  K.  The  solid  line  represents  a theo- 
retical integration  curve  assuming  Gaussian-shaped  op- 
tical pulses  of  10  psec  width  (FWHM). 

The  crystal  was  illuminated  by  variable  energy 
pulses  with  a wavelength  of  1.06  pm,  and  the 
transmission  of  each  pulse  was  measured.  Each 
pulse  at  1.06  pm  was  followed  immediately  (at 
fixed  delays  of  17  and  26  psec)  by  pulses  that  mon- 
itored the  absorbance  of  the  crystal  at  wavelengths 
of  1.55  and  1.06  pm.  The  optical  absorbance  at 
1.17  eV  is  seen  to  decrease  by  approximately  3.5 
as  the  carrier  number  increases.  This  corres- 
ponds to  a transmission  increase  by  a factor  of  30. 
By  contrast,  the  absorbance  at  0.8  eV  increases 
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FIG.  6.  Change  in  absorbance,  -ln(T/T0),  of  the  ger- 
manium sample  at  1.06  and  1.55  pm  as  a function  of  inci- 
dent excitation-pulse  energy  at  1.06  pm  where  T0  is  the 
linear  transmission  of  the  sample  at  the  wavelength  un- 
der consideration. 
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roughly  by  2.3,  corresponding  to  a decrease  in 
transmission  by  approximately  an  order  of  magni- 
tude. Each  datum  point  shown  is  the  average  oi  at 
least  eight  separate  observations.  The  data  were 
very  reproducible  within  the  error  bars. 

A striking  feature  of  the  data  presented  in  Fig. 

6 is  that  the  absorbance  of  the  crystal  at  1.06  pm 
does  not  decrease  then  increase  as  required  by  the 
recombination  model  of  Sec.  111.  In  fact,  as  can  be 
seen  from  Fig.  6,  any  decrease  in  carrier  density 
with  time  caused  by  carrier  recombination  will  be 
accompanied  by  an  increase  in  the  total  absorbance 
ar  1.06  pm.  Thus,  a temporal  decay  of  carrier 
density  alone  cannot  be  combined  with  the  absorp- 
tion versus  density  relationship  to  account  for  the 
rise  m probe  transmission  at  1.06  pm.  The  total 
change  in  absorbance  of  the  crystal  at  1.06  pm  as 
the  carrier  density  is  increased  is  given  by 

-1»1  (=-)  = / *aDA(x)dx +f  (AaFC(x)  + Aa,B(x) 

' * 0/  0 *0 

+ Aa[D(.v)|f/v, 

(1) 

where  T„  is  the  linear  transmission  of  the  sample; 
Ao'da(v)  is  the  change  in  the  direct-absorption  co- 
efficient caused  by  the  increased  carrier  number 
at  the  positions  into  the  crystal;  aaFC(r),  AaIB(x), 
and  AaID(x)  are  the  changes  in  the  absorption  co- 
efficient caused  by  free-carrier,  intervalence- 
band,  and  indirect  absorption,  respectively;  and 
I is  the  crystal  thickness.  The  electron  density 
and,  consequently,  the  absorption  coefficients  are 
allowed  to  depend  upon  position.  The  last  term  on 
the  right-hand  side  of  Eq.  (1)  will  be  positive  since 
free-carrier,  intervalence-band,  and  Coulomb- 
assisted  indirect  absorption  coefficients  all  in- 
crease with  carrier  density,  and  the  first  will  be 
negative  because  of  the  partial  saturation  of  the 
available  optically  coupled  electronic  states  as  the 
density  increases.  Since  the  overall  absorbance 
at  1.17  eV  is  observed  to  monotonically  decrease, 
we  conclude  that  the  saturation  of  the  absorption 
is  dominated  by  changes  in  the  direct  absorption 
coefficient.  Although  the  free-carrier,  interva- 
lence-band, and  indirect  absorbance  changes  are 
smaller  in  magnitude  and  opposite  in  sign  to  those 
caused  by  saturation  of  the  direct  absorption,  it  is 
possible  for  them  to  significantly  affect  the  overall 
magnitude  of  the  total  absorbance  change.  Inspec- 
tion of  Eq.  (1)  reveals  that  omission  of  these  pro- 
cesses wrwld  result  in  a more  rapid  decrease  in 
total  absorbance  with  increasing  carrier  number 
than  when  they  are  included. 

The  measurement  of  the  change  in  absorbance  at 
0.8  eV  as  the  rarrier  number  is  increased  by  di- 
rect absorption  of  excitation  pulses  at  1.17  eV,  as 


displayed  in  Fig.  6,  tends  to  substantiate  the  argu- 
ments of  the  previous  paragraph.  That  is,  the 
change  in  absorbance  at  0.8  eV,  which  is  sensitive 
to  free-carrier,  intervalence-band,  and  indirect 
absorption  effects,  is  slightly  smaller  in  magni- 
tude and  opposite  in  sign  to  that  measured  at  1.17 
eV,  which  is  sensitive  to  direct  absorption  effects 
as  well.  Thus,  if  the  results  of  the  measurement 
of  free-carrier,  intervalence-band,  and  indirect 
absorbance  at  0.8  eV  could  be  extrapolated  to  1.17 
eV,  we  would  conclude  that  the  change  in  absor- 
bance due  to  these  processes  is  smaller  in  magni- 
tude and  opposite  in  sign  to  that  caused  by  the  sa- 
turation of  direct  absorption  coefficient.  However, 
we  would  also  conclude  that  the  change  in  the  com- 
bined free-carrier,  intervalence-band,  and  indi- 
rect absorbance  is  of  sufficient  magnitude  to  sub- 
stantially slow  the  saturation  of  the  total  absor- 
bance at  1.06  pm  with  the  increasing  carrier  num- 
ber. However,  care  must  be  taken  when  extrapo- 
lating absorbance  measurements  at  0.8  to  1.17  eV. 
Free-carrier  and  intervalence-band  absorption 
coefficients  are  expected  to  decrease  with  increas- 
ing photon  energy  for  a given  (large)  carrier  den- 
sity17 while,  according  to  Ref.  16,  the  Coulomb- 
assisted  indirect  absorption  coefficient  should  in- 
crease. 

The  experiments  shown  schematically  in  the  in- 
set of  Fig.  6 were  repeated  for  a sample  tempera- 
ture of  295  K.  Similar  results  were  obtained.  For 
the  maximum  carrier  densities  achieved  at  room 
temperature,  the  decrease  in  absorbance  at  1.06 
pm  was  2.2  and  the  increase  in  absorbance  at  1.55 
pm  was  1.8. 

The  results  of  excite-probe  experiments  that 
measure  the  temporal  evolution  of  the  change  in 
absorbance  at  1.55  pm  are  presented  in  Fig.  7. 
fn  this  experiment,  the  sample  was  irradiated  by 
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an  optical  pulse  at  1.06  pm  containing  roughly  2 
x 10‘  ’ quanta  and  was  probed  at  various  delays  by 
a weak  pulse  having  a wavelength  of  1.55  pm.  The 
results  of  the  probe  measurements  at  1.55  pm  are 
similar  to  those  obtained  by  Auston  et  al.'  How- 
ever, these  authors  stated  that  they  performed 
their  measurements  at  excitation  intensities  such 
that  the  absorption  of  the  excitation  pulse  was  lin- 
ear. Our  experiments  are  cleanly  performed  in 
the  nonlinear  region.  In  addition,  the  measure- 
ments of  Auston  et  al.4  were  performed  on  a 300- 
pm-thick  sample,  our  sample  was  6- pm  thick. 

The  measurements  presented  in  Fig.  7 indicate 
that  free-carrier,  intervalence-band,  and  indirect 
absorption  can  be  significant  at  the  carrier  densi- 
ties encountered  during  the  excite  and  probe  ex- 
periments at  1.06  pm  presented  here.  Auston  et 
al.'  attribute  this  decrease  of  the  probe  pulse  ab- 
sorbance at  1.55  pm  with  delay  to  a decrease  in 
free-carrier  absorption  caused  by  a temporal  de- 
cay in  carrier  density  due  to  Auger  recombination. 
The  present  experiments  only  allow  the  measure- 
ment of  the  change  in  the  combiner!  free-carrier, 
intervalence-band,  and  indirect  absorbance,  and 
they  do  not  provide  for  a convenient  separation  of 
their  individual  contributions.  These  measure- 
ments were  performed  for  a sample  temperature 
of  295  K,  as  well.  The  results  are  similar  to 
those  of  Fig.  7.  It  is  important  to  note  that  we  ob- 
serve a strong  temperature  dependence  in  the  rise 
in  probe  transmission  at  1.06  pm  (see  Fig.  4 or  5); 
however,  we  do  not  observe  a similar  strong  tem- 
perature dependence  at  1.55  pm.  We  believe  this 
is  a further  indication  that  indirect,  free-carrier, 
and  intervalence-band  processes  do  not  dominate 
the  rise  in  probe  transmission  at  1.06  pm. 


VI  summary  and  conclusions 

The  measurements  by  Smirl  et  al.1  of  the  trans- 
mission of  a 1.06-pm-probe  pulse  as  a function  of 
time  delay  after  an  intense  1.06-pm-excitation 
pulse  have  been  carefully  repeated  for  sample 
temperatures  of  100  and  295  K.  The  rises  in  probe 
transmission  for  the  two  temperatures  have  been 
compared  to  a calculated  integration  curve,  as- 
suming an  optical  pulsewidth  of  10  psec.  We  con- 
clude from  this  comparison  that  the  rise  in  probe 
transmission  at  295  K is  indistinguishable  from  the 
integration  curve,  but  that  the  rise  at  100  K is 
much  slower  than  either  the  integration  curve  or 
the  rise  at  295  K and  is  not  an  artifact  of  the  mea- 
surement technique. 

The  transmission  of  a thin  germanium  sample  at 
1.55  and  1.06  pm  has  been  measured  as  a function 


of  optically  created  carrier  densities.  Over  the 
range  of  densities  encountered  in  these  experi- 
ments, the  absorption  versus  density  relationship 
at  1.17  eV  does  not  exhibit  a minimum.  Thus,  a 
temporal  decay  of  carrier  density  alone  cannot  be 
combined  with  this  absorption  versus  density  re- 
lationship to  account  for  the  rise  in  probe  trans- 
mission at  1.06  pm  exactly  as  suggested  in  Sec. 

III.  In  addition,  these  measurements  indicate  that 
tiie  combined  free-carrier,  intervalence-band, 
and  indirect  absorbance  changes  are  opposite  in 
sign  and  smaller  in  magnitude  than  the  changes 
caused  by  saturation  of  the  direct  absorption.  As 
a result,  we  believe  that  the  decrease  in  absor- 
bance at  1.06  pm  with  increasing  carrier  number 
is  dominated  by  a saturation  of  the  direct  absorp- 
tion coefficient;  however,  the  rate  of  this  de- 
crease in  absorbance  is  slowed  by  the  contribu- 
tions of  these  "other”  processes  that  are  opposite 
in  sign. 

In  addition,  the  absorbance  of  a 1.55-pm-probe 
pulse  has  been  measured  as  a function  of  time  de- 
lay after  an  intense  1.06-pm-excitation  pulse.  The 
1.55-pm-probe  absorbance  J cays  by  approxi- 
mately 0.8  in  the  first  100  p;-  ;c  following  excita- 
tion, corresponding  to  a transmission  increase  of 
a factor  of  approximately  2.  This  represents  a 
significant  decay  in  the  combined  free-carrier,  in- 
tervalence-band,  and  indirect  absorbance  during 
this  period.  Contrary,  however,  to  measurements 
of  the  probe  rise  at  1.06  pm,  the  decay  of  probe 
absorbance  at  1.55  pm  exhibited  no  strong  depen- 
dence on  sample  temperature. 

As  a result  of  the  present  measurements,  the 
authors  feel  that  free-carrier,  intervalence-band, 
and  Coulomb-assisted  transitions  combined  with 
Auger  recombination  are  not  the  mechanisms  dom- 
inating the  rise  in  1.06-pm-probe  transmission  at 
100  K.  The  contributions  of  these  processes  are 
significant,  however,  and  they  must  be  accounted 
for  by  any  successful  model.  Unfortunately,  the 
present  measurements  yield  no  direct  information 
concerning  carrier  distribution  temperatures  or 
energy  relaxation  rates,  and  the  question  of  at- 
tributing the  rise  in  1.06-pm-probe  transmission 
to  a cooling  of  a hot  carrier  plasma  created  by  the 
excitation  pulse  remains  unresolved. 

Finally,  we  emphasize  that  we  are  aware  that 
our  measurements  at  1.55  pm  (0.8  eV)  monitor  the 
free-carrier,  free-hole,  and  indirect  absorption 
at  an  energy  different  from  that  of  the  experiments 
we  are  attempting  to  interpret  (rise  in  probe  trans- 
mission at  1.17  eV);  however,  we  believe  these 
experiments  give  the  best  available  indication  of 
the  possible  importance  of  these  processes  at  the 
high  optically  created  carrier  densities  encoun- 
tered in  excite  and  probe  studies  at  1.06  pm. 
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ABSTRACT 


Recently  the  nonlinear,  nonequilibrium  optical  properties  of 
germanium  at  a wavelength  of  1.06  pm  have  been  studied  on  a picosecond 
time  scale  by  employing  the  excite  and  probe  technique.  In  addition 
to  structure  in  the  probe  transmission  vs.  delay  lasting  many  tens  of 
picoseconds,  investigators  have  observed  a narrow  spike  in  the  probe 
transmission  occuring  near  zero  delay  and  having  a width  less  than  the 
optical  pulse  width  of  11  psec.  This  spike  has  been  attributed  by  some 
to  a parametric  scattering  of  the  intense  excitation  pulse  into  the 
probe  beam  path  by  a grating  created  on  the  sample  surface  by  the  in- 
terference of  the  two  beams  and  by  others  to  the  combined  effects  of 
state  filling  and  band-gap  narrowing.  Although  it  is  likely  that  both 
effects  occur  to  some  degree,  we  present  the  results  of  measurements 
that  indicate  that  parametric  scattering  fully  accounts  for  the  ob- 
served spike.  No  contribution  from  state  filling  and  band-gap  narrow- 
ing is  observed. 
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1 . INTRODUCTION 


Recently,  picosecond  excite  and  probe  techniques  have  been  utilized 

to  measure  the  nonlinear,  nonequilibrium  optical  properties  of  germanium 

in  an  effort  to  obtain  information  concerning  ultrafast  carrier  relaxa- 

1-13 

tion  processes  at  high  optically-created  carrier  densities.  Speci- 
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ficaliy,  in  the  studies  of  interest  here,  ' ' the  sample  is  first  ir- 
radiated by  anil  psec  excitation  pulse  at  1.06  pm.  The  absorption  of 
the  excitation  pulse  creates  a large,  rapidly  evolving,  nonequilibrium 
carrier  distribution  that  changes  the  transmission  properties  of  the 
sample.  This  initial  pulse  is  then  followed  at  various  time  delays  by 
a weak  probe  pulse  of  the  same  wavelength  that  monitors  the  evolution 
of  the  enhanced  germanium  transmission  with  time.  A graph  of  the  probe 
pulse  transmission  versus  time  exhibits  two  distinct  features.  The 
first  is  a rapid  rise  and  fall  in  the  probe  transmission.  This  narrow 
spike  in  probe  transmission  is  approximately  two  picoseconds  wide  and 
is  centered  about  zero  delay.  This  spike  is  followed  by  a gradual  rise 
and  fall  of  the  probe  transmission  lasting  hundreds  of  picoseconds. 

This  slower  feature  in  the  probe  transmission  has  been  the  subject  cf 
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other  studies.  ' ' Here,  we  are  concerned  with  the  origin  of  the 
sharp  spike  in  probe  transmission. 

The  narrow  spike  in  probe  transmission  was  first  observed  by  Kennedy 
et  al. ^ and  was  attributed  by  them  to  a saturation  and  relaxation  of  the 
direct  absorption.  Subsequently,  Shank  and  Auston3  observed,  in  addition 
to  the  narrow  spike  near  zero  delay,  the  slower  structure  at  longer  delays. 
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In  light  of  this  additional  structure,  they  reinterpreted  the  narrow 
spike  in  probe  transmission  near  zero  delay  as  a parametric  coupling 
between  excite  and  probe  beams  caused  by  an  index  grating  produced  by 
the  interference  of  the  two  beams  in  the  germanium  sample.  While  ad- 
mitting that  some  parametric  scattering  is  bound  to  occur  during  such 
14 

measurements,  Ferry  has  recently  presented  numerical  studies  that  ac- 
count for  the  spike  in  germanium  transmission  in  terms  of  state  filling 
and  band  gap  narrowing.  If,  indeed,  these  processes  are  responsible 
for  the  narrow  rise  and  fall  in  probe  transmission,  a careful  study  of 
this  structure  should  yield  information  concerning  carrier  scattering 
rates  from  the  optically  coupled  states. 

Here,  we  present  the  results  of  experiments  that  attempt  to  sepa- 
rate the  roles  of  parametric  scattering  and  state  filling  in  determining 
the  picosecond  optical  response  of  germanium. 

The  remainder  of  this  paper  is  organized  as  follows.  In  the  next 
section,  we  briefly  review  the  manner  in  which  parametric  scattering 
can  account  for  the  spike  in  probe  transmission.  In  Sec.  3,  we  do 
the  same  for  state  filling  and  band-gap  narrowing.  Section  4 contains 
a description  of  the  experimental  apparatus  and  techniques  for  measuring 
the  contribution  of  parametric  scattering  to  the  spike  in  probe  trans- 
mission. In  Section  5,  we  present  a discussion  of  our  results,  and 
finally  in  Sec.  6,  our  conclusions. 

2.  PARAMETRIC  SCATTERING 

In  the  picosecond  excite  and  probe  studies  described  above  the  ex- 
cite and  probe  pulses  are  derived  from  a single  pulse  by  means  of  a beam 
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splitter.  Consequently,  the  probe  pulse  is  simply  an  attenuated  version 
of  the  excite  pulse.  Near  zero  delay,  the  excite  and  probe  pulses  are 
both  spatially  and  temporally  overlapped.  As  a result,  the  interference 
of  the  two  beams  will  produce  a modulation  of  the  optically-created  car- 
rier density  to  form  a gracing  with  spacing  d = X/(2sin9),  where  6 is 
the  angle  between  each  beam  and  the  sample  normal  as  shown  in  Fig.  i. 

The  grating  is  formed  rapidly  and  will  diffract  both  excitation  and 
probe  pulses  as  shown  in  Fig.  1.  The  first  order  diffracted  beams  for 
both  excite  and  probe  are  shown.  Notice  that  one  of  the  first  order 
diffracted  beams  from  the  excitation  pulse  will  be  scattered  into  the 
direction  of  the  probe  pulse  detector.  Also,  one  of  the  first  order  dif- 
fracted beams  from  the  probe  pulse  will  be  scattered  into  the  direction 
of  the  excitation  pulse  detector.  Since  the  probe  pulse  energy  is  only 
a small  fraction  of  the  excitation  pulse  energy,  the  amount  of  light 
diffracted  from  the  probe  pulse  into  the  excitation  pulse  detector  is 
insignificant.  On  the  other  hand,  a small  fraction  of  the  excitation 
beam  scattered  in  the  direction  of  the  probe  detector  can  produce  a 
signal  on  the  probe  detector  larger  than  that  produced  by  the  trans- 
mitted probe  pulse. 

The  sharp  increase  (spike)  in  the  signal  observed  on  the  probe 
detector  as  the  two  pulses  are  delayed  with  respect  to  one  another  can 
then  be  understood  in  terms  of  this  parametric  scattering  in  the  follow- 
ing manner.  An  increase  in  probe  detector  signal  will  be  observed  so 
long  as  a grating  is  produced.  Such  a grating  will  be  formed  only  if 
the  delay  between  excite  and  probe  pulses  does  not  exceed  the  coherence 
length  of  the  two  pulses.  It  is  well  known  that  pulses  produced  by 


mode- locking  glass  lasers  are  usually  correlated  over  a length  less 
than  their  optical  pulse  width  because  of  various  nonlinear  processes 
involved  in  pulse  generation.  Consequently,  parametric  scattering 
results  in  an  increase  in  probe  detector  signal  for  time  delays  less 
than  the  optical  pulse  width.  Thus,  according  to  Shank  and  Auston,^ 
the  narrow  spike  in  probe  transmission  is  not  an  increase  in  sample 
transmission  at  all  but  a scattering  of  the  excite  pulse  into  the 
probe  pulse.  Such  transient  gratings  have  been  observed  in  semicon- 
ductors by  other  investigators,1'3  and  we  think  it  reasonable  to  expect 
their  formation  here. 

Of  course  none  of  the  arguments  presented  above  in  favor  of  the 

parametric  scattering  scheme  preclude  the  possibility  that  other  effect 

could  also  contribute  to  the  spike.  In  fact,  in  the  next  section,  we 

14 

briefly  review  the  model  suggested  by  Ferry  that  accounts  for  the 
spike  in  terms  of  state  filling  and  band  gap  narrowing. 

3.  STATE  FILLING 

Direct  absorption  of  the  excitation  pulse  deposits  electrons  nigh 
in  the  conduction  band,  leaving  holes  in  the  valence  band.  Since  both 
excitation  and  probe  pulses  are  approximately  monochromatic,  a very  nar 
row  set  of  states  in  the  valence  band  is  optically  coupled  to  a narrow 
set  of  states  in  the  conduction  band.  The  optically-excited  carriers 
are  initially  deposited  in  these  states.  They  are  rapidly  scattered 
from  them  by  carrier-carrier  collisions,  intervalley  phonon-assisted 
scattering,  and  intravalley  phonon-assisted  scattering.  The  number  of 
carriers  occupying  the  optically  coupled  states  at  any  given  time  is 
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determined  by  the  relative  strengths  of  the  optical  generation  rate  into 
the  states  and  of  the  combined  scattering  rates  out . This  state  filling 
results  in  a delta-function-like  spike  in  the  distribution  function  lo- 


cated at  the  optically  coupled  states.  If  the  generation  rate  exceeds 
the  scattering-out  rates,  then  the  optically  coupled  states  are  par- 
tially filled,  and  the  instantaneous  transmission  of  the  germanium  will 
increase  for  the  period  of  time  that  the  excitation  pulse  is  present 
in  the  sample. 

The  evolution  of  the  germanium  transmission  is  not  as  simple  as  we 
have  just  indicated;  it  is  complicated  by  energy  band-gap  narrowing  at 
the  high  carrier  densities  created  by  the  excitation  pulse.  As  the  exci- 
tation pulse  is  absorbed,  the  carrier  density  increases  with  time,  tvpi- 
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cally  reaching  densities  in  excess  of  10  cm  . As  the  carrier  density 
increases,  the  bands  move  closer  together  causing  electrons  (holes)  to 
be  excited  into  states  higher  (lower)  in  the  conduction  (valence)  band. 
Consequently,  the  optical  excitation  dwells  on  a particular  set  of  states 
for  only  a short  time.  Now,  for  filling  of  the  optically  coupled  states 
to  be  significant,  the  rate  of  excitation  into  these  states  must  exceed 
the  combined  scattering  rates  out  during  the  dwell  time. 

Ferry  accounts  for  the  spike  in  probe  transmission  in  the  follow- 
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ing  manner.  Assume  that  a Gaussian  shaped  excitation  pulse  is  inci- 
dent on  the  germanium  sample,  and  remember  that  the  pulse  width  is  much 
larger  than  the  sample  thickness.  As  the  front  edge  of  the  pulse  passes 
through  the  sample,  the  generation  rate  is  too  low  to  produce  a signi- 
ficant amount  of  state  filling.  As  the  pulse  progresses  through  the 
14 

sample.  Ferry  calculates  that,  for  very  energetic  pulses,  a point  is 
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reached  where  the  generation  rate  significantly  exceeds  the  combined 
scattering  out  rates  during  the  dwell  time.  As  the  remainder  of  the 


64 


excite  pulse  passes  through  the  sample,  the  instantaneous  transmission 

of  the  germanium  is  enhanced  until,  somewhere  on  the  trailing  edge  of 

the  pulse,  the  generation  rate  falls  below  the  scattering  out  rates 

during  the  dwell  time.  Thus,  the  instantaneous  transmission  of  the 

sample  could  be  enhanced  over  a time  interval  shorter  than  the  width 

of  the  laser  pulse.  The  width  of  this  enhancement  is  dependent  upon 
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the  energy  (or  peak  intensity)  of  the  laser  pulse.  Ferry  performs 
numerical  calculations  of  the  instantaneous  transmission  to  fit  the  ex- 
cite and  probe  data  of  Kennedy  et^  al . 1 

4 . EXPERIMENT 

The  particular  experimental  configuration  that  we  employ  to  sepa- 
rate the  effects  of  parametric  scattering  from  those  of  other  processes 
such  as  state  filling  is  shown  in  Fig.  2.  A single  1.06  pm  pulse, 
approximately  11  psec  in  duration,  is  switched  by  an  electro-optic 
shutter  from  a train  of  pulses  produced  by  a mode-locked  Nd-glass  la- 
ser. The  single  pulse  is  split  into  two  by  a beam  splitter,  and  a 
relative  delay  is  introduced  between  the  two  pulses.  The  probe  pulse 
intensity  is  attenuated  to  approximately  2%  of  the  corresponding  ex- 
citation pulse  intensity.  Both  pulses  are  focused  onto  the  germanium 
sample  as  shown  in  the  figure.  The  angular  separation  between  incident- 
beams  is  12°.  This  configuration  is  similar  to  the  arrangement  em- 
ployed by  Kennedy  et  al^. 3 and  Shank  and  Auston3  to  measure  the  narrow 
spike  in  probe  transmission.  Our  configuration,  however,  differs  from 


theirs  in  two  important  respects.  First,  we  have  introduced  a half 
wave  plate  into  the  probe  path  to  provide  for  a continuous  rotation 
of  the  probe  pulse  polarization  with  respect  to  the  excite  pulse. 

Second,  we  have  positioned  a detector  to  collect  the  first  order  dif- 
fracted light  from  the  excitation  pulse  in  the  event  that  a grating 
should  be  produced  by  the  interference  of  the  two  pulses . In  pre- 
vious studies  of  the  probe  spike,  only  the  incident  and  transmitted 
probe  and  excite  energies  were  measured. 

As  shown  in  Fig.  2,  Detector  1 monitors  the  incident  pulse  energy. 
Detector  2 measures  the  transmitted  probe  light  and  one  of  the  first 
order  scattered  beams  from  the  excitation  pulse.  Detector  3 collects 
the  transmitted  excite  pulse  and  one  of  the  first  order  diffracted 
beams  from  the  probe  beam.  The  latter  signal  is  insignificant,  as  we 
explained  in  Sec.  2.  Detector  4 records  the  other  first  order  dif- 
fracted excitation  beam.  No  signal  will  be  present  on  the  latter  de- 
tector unless  a grating  is  formed  by  the  interference  of  excite  and 
probe  beams. 

The  excitation  pulse  irradiance  in  these  experiments  was  1 X 10  J/cm 
as  determined  by  measuring  the  energy  transmitted  through  a pinhole  lo- 
cated at  the  focus  of  the  excitation  beam  and  coplanar  with  the  germanium; 
wafer  using  a calibrated  detector.  The  size  of  the  pinhole  was  such  that 
it  transmitted  50%  of  both  the  excitation  and  probe  pulses.  We  observed 
indications  of  day-to-day  variations  in  excitation  and  probe  beam  overlap. 
We  attribute  these  variations  to  "hot"  spots  in  the  focused  multimode 


laser  pulses. 


66 


The  germanium  sample  is  a high  purity  (Pm^n  = 40Q-cm)  single  crys- 
tal cut  with  the  (111)  plane  as  face.  The  sample  was  polished  and  etched 
with  Syton  to  a thickness  of  6 pm  as  determined  by  interferometric  tech- 
niques . 


5.  RESULTS  AND  DISCUSSION 

Here,  we  present  and  discuss  the  results  of  measurements  that  sepa- 
rate the  effects  of  parametric  scattering  from  those  of  other  processes 
such  as  state  filling.  The  experimental  technique  that  we  employ  is 

X 

simple.  We  repeat  the  excite  and  probe  measurements  of  Kennedy  et  al.~ 
employing  probe  pulses  of  various  polarization.  Specifically,  the 
sample  is  irradiated  by  a 1.06  pm  excite  pulse  intense  enough  to  cause 
the  germanium  transmission  to  be  enhanced.  The  light  incident  on  the 
probe  detector  is  then  monitored  for  small  probe  pulse  delays,  as  de- 
scribed in  the  previous  section.  These  measurements  are  repeated  for 
various  probe  polarizations.  When  the  excite  pulse  polarization  is 
perpendicular  to  the  probe  polarization,  no  interference  between  excite 
and  probe  is  possible,  and  no  grating  will  be  formed.  In  this  manner, 
we  remove  the  contributions  of  the  laser-induced  grating.  Any  spike 
that  remains  must  be  attributed  to  other  processes. 

The  signal  recorded  by  the  probe  detector,  D2  (See  Fig.  2) , as  a 
function  of  time  delay  after  an  intense  excitation  pulse  is  shown  in 
Fig.  3 for  small  delays.  The  circles  represent  measurements  in  which 
the  probe  pulse  polarization  was  parallel  with  the  excite  pulse  polar- 
ization. The  triangles  represent  measurements  in  which  the  probe  polar- 
ization was  chosen  perpendicular  to  the  excite  polarization.  The  data 
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are  plotted  as  the  normalized  response  of  the  probe  detector  versus 
the  time  delay  between  the  two  pulses.  The  normalized  probe  detector 
response  is  determined  in  the  following  manner.  The  total  energy 
collected  by  the  probe  detector  is  divided  by  the  probe  energy  inci- 
dent on  the  germanium  sample  to  give  an  apparent  probe  transmission. 

We  use  the  word  apparent  because  the  probe  detector  receives  dif- 
fracted light  from  the  excitation  beam  as  well  as  the  transmitted 
light  from  the  probe.  This  apparent  probe  pulse  transmission  is  nor- 
malized by  the  excite  pulse  transmission  and  plotted  in  arbitrary  units. 

We  observed  ratios  of  apparent  probe  transmission  to  excite  transmis- 
sion as  large  as  4.  However,  the  magnitude  of  this  ratio  depends 
strongly  on  the  quality  of  the  spatial  overlap  of  the  focused  multi- 
mode  laser  pulses  and  varies  with  the  transverse  mode  structure  of  the 
laser.  Each  data  point  shown  represents  the  average  of  at  least  8 
measurements.  The  error  bars  represent  twice  the  statistical  standard 
deviation.  The  data  were  reproducible. 

The  most  important  feature  of  Fig.  3 is  the  strong  dependence  of 
the  sharp  spike  in  the  probe  detector  response  on  probe  polarization. 

When  the  probe  polarization  is  chosen  parallel  to  that  of  the  excita- 
tion pulse,  we  observe  a narrow  spike  similar  to  that  observed  by  Kennedy 
1 3 

et  al . and  Shank  and  Auston.  The  spike  is  approximately  2 psec  wide 
(FWHM)  and  centered  about  zero  delay.  However,  when  the  polarization  of 
the  probe  is  rotated  by  90°,  the  rapid  rise  and  fall  in  probe  response 
completely  disappears.  We  emphasize  that  the  probe  detector  monitors  both 
the  transmitted  probe  pulse  and  the  diffracted  light  from  the  excitation 
pulse.  The  strong  polarization  dependence  of  the  data  presented  in 
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Fig.  3 suggests  that  the  narrow  spike  in  probe  signal  can  be  attri- 
buted to  a parametric  scattering  of  excite  beam  into  the  probe  beam; 

by  a laser  induced  grating,  consistent  with  tne  interpretation  by 
3 

Shank  and  Auston. 

Furthermore,  we  comment  that  we  observed  apparent  probe  trans- 
missions at  zero  delay  that  were  several  times  larger  than  the  corres- 
ponding excitation  transmissions.  At  zero  delay  and  in  the  absence  of 
coherent  coupling  artifacts,  the  probe  and  excite  pulses  should  be 
indistinguishable  to  the  sample  since  they  were  derived  from  a single 
pulse.  Consequently,  probe  and  excite  transmissions  should  be  identical 
in  the  absence  of  any  coherent  coupling  artifacts.  The  observation  of 
apparent  probe  transmissions  greater  than  the  corresponding  excite 
transmissions  at  zero  delay  can  be  accounted  for  by  a coherent  scat- 
tering of  the  energetic  excite  beam  into  the  weak  probe  beam  by  a 
laser-induced  grating. 

The  conclusions  of  the  previous  paragraph  are  substantiated  by 
the  data  presented  in  Fig.  4.  In  this  figure,  we  display  the  results 
of  measurements  in  which  we  monitor  the  first  order  diffracted  light 
from  the  excite  pulse  as  a function  of  time  delay  between  the  excite 
and  probe  pulses.  The  diffracted  light  is  monitored  by  an  integrating 
detector  (detector  4,  See  Fig.  2)  positioned  at  the  appropriate  angle. 
The  data  are  plotted  as  the  normalized  response  of  detector  4,  in  ar- 
bitrary units,  versus  the  time  delay  between  the  two  incident  pulses. 
Again,  the  circles  represent  measurements  in  which  the  probe  polar- 
ization was  parallel  to  the  excite  polarization;  the  triangles  repre- 
sent measurements  in  which  the  probe  polarization  was  perpendicular  to 
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the  excite  polarization.  The  normalized  response  of  detector  4 
is  determined  in  a manner  analogous  to  that  for  the  normalized  probe 
detector  response.  That  is,  the  total  energy  measured  by  detector  4 
is  divided  by  the  excite  energy  incident  on  the  germanium  sample. 

This  ratio  of  diffracted  excite  energy  to  incident  excite  energy  is 
then  normalized  by  the  excite  pulse  transmission  and  is  plotted  in 
arbitrary  units.  Each  data  point  shown  is  the  average  of  at  least  8 
observations . 

The  data  presented  in  Fig.  4 provide  striking  evidence  of  laser- 
induced  grating  formation  during  these  experiments.  When  excite  and 
probe  polarizations  are  parallel,  a narrow  rise  and  fall  in  the  dif- 
fracted radiation  is  observed  with  time  delay.  The  spike  observed 
in  the  diffracted  radiation  is  identical  in  form  to  the  spike  ob- 
served in  the  response  of  the  probe  detector.  It  is  approximately 
of  the  same  width,  and  it  is  centered  about  zero  delay.  In  addition, 
there  is  essentially  a one-to-one  correspondence  between  large  sig- 
nals on  detector  4 and  large  signals  on  the  probe  detector,  both  of 
which  monitor  a first  order  diffracted  beam  from  the  excite  pulse. 

When  the  probe  pulse  polarization  is  perpendicular  to  the  excite  pulse 
polarization,  no  diffracted  light  is  observed.  The  similarity  in  the 

shape,  amplitude,  and  polarization  dependence  of  the  spike  in  probe 
response  (detector  2)  and  the  spike  in  diffracted  response  (detector  4) 
further  leads  us  to  conclude  that  they  are  of  the  same  origin.  That  is, 
that  both  result  from  the  first  order  diffraction  of  light  from  the 
excite  beam  by  a grating  created  by  the  interference  of  excite  and 
probe  pulses. 
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In  Fig.  5,  we  further  emphasize  the  polarization  dependence  of 
the  narrow  spike  recorded  by  the  probe  detector  as  a function  of 
time  delay  between  excite  and  probe.  In  this  figure,  we  graph  the 
response  of  the  probe  detector  as  the  polarization  of  the  probe  pulse 
is  rotated  through  180°  with  respect  to  the  polarization  of  the  exci- 
tation pulse.  The  delay  between  the  two  pulses  is  held  fixed  at  the 
peak  of  the  observed  spike  (zero  delay) . The  normalized  units  are 
identical  to  those  used  in  Fig.  3.  The  height  of  the  spike  falls 
then  rises  again  as  the  probe  polarization  is  rotated  with  respect  to 
the  excitation  polarization.  When  the  relative  angle  reaches  90°, 
the  probe  pulse  transmission  is  found  to  be  equal  to  that  of  the  ex- 
cite pulse,  consistent  with  the  disappearance  of  diffraction  effects. 

Finally,  we  emphasize  that  the  width  of  the  spike  in  the  probfe  detec 
response  is  approximately  2 psec,  much  less  than  the  width  of  the 
probe  pulse.  The  probe  pulse  width  was  measured  to  be  11  psec.  We 
do  not  believe  that  the  narrow  width  of  the  spike  in  the  integrated 
probe  detector  response  can  be  accounted  for  by  an  instantaneous  change 
in  sample  transmission  no  matter  how  rapid  that  change.  It  is  well 
known  that  the  probe  transmission  will  be  determined  in  such  a case 
by  convolving  the  probe  pulse  with  the  instantaneous  sample  transmission 
curve  and  that  the  resulting  structure  in  the  integrated  probe  trans- 
mission curve  will  be  at  least  as  wide  as  the  probe  pulse.  We  illus- 
trate this  for  a specific  example  in  Fig.  6.  In  this  figure,  we  have 
assumed  that  the  instantaneous  transmission  of  the  sample  is  deter- 
mined by  state  filling  caused  by  the  absorption  of  the  excitation 

14 

pulse  as  calculated  by  Ferry.  The  instantaneous  transmission 
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calculated  by  Ferry  is  shown  by  a broken  line  in  Fig.  6.  The 
transmission  of  a 10  psec  Gaussian  pulse  through  a sample  exhibit- 
ing this  instantaneous  transmission  is  shown  (solid  line)  as  a func- 
tion of  time  delay  between  excite  and  probe  pulses.  The  width  of 
the  resulting  probe  transmission  curve  is  in  sharp  contrast  to  the 
observed  spike. 


6.  SUMMARY  AND  CONCLUSIONS 

We  have  performed  excite  and  probe  measurements  of  germanium 
using  intense  optical  pulses  approximately  11  psec  in  duration  at  a 
wavelength  of  1.06  um.  The  experimental  configuration  that  we  have 
employed  is  similar  to  that  used  by  Kennedy  et  al . 1 That  is,  we  have 
monitored  the  incident  and  transmitted  excite  pulse  and  probe  pulse 
energies.  The  geometry  was  such  that  the  formation  of  a grating  by 
the  interference  of  excite  pulse  and  probe  pulse  would  result  in  a 
scattering  of  a fraction  of  the  excite  beam  into  the  direction  of  the 
probe  beam.  Our  studies,  however,  differed  from  those  of  Kennedy 
et  al. 1 in  two  respects.  First,  we  positioned  a detector  to  monitor 
the  scattered  light  from  any  laser-induced  grating  that  might  be 
created  by  the  interference  of  excite  and  probe  pulses  when  they 
were  spatially  and  temporally  overlapped.  Second,  we  varied  the 
polarization  of  the  probe  pulse  with  respect  to  the  polarization  of 
the  excite  pulse.  When  the  probe  pulse  polarization  was  parallel 
to  the  excite  pulse  polarization,  we  observed  a rapid  rise  and  fall 
in  probe  detector  response  versus  time  delay.  This  spike  in  probe 
detector  response  was  approximately  2 psec  in  width  and  centered 
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about  zero  delay.  This  spike  is  identical  to  that  observed  by 
Kennedy  et  al.1  During  the  same  measurements,  we  recorded  a sim- 
ilar spike  in  the  diffracted  light.  The  spike  in  diffracted  light 
was  similar  in  shape,  duration  and  amplitude  to  that  of  the  spike 
in  probe  detector  response.  When  the  polarization  of  the  probe 
pulse  was  perpendicular  to  that  of  the  excite  pulse,  we  observed 
no  spike  in  the  probe  detector  response, and  we  observed  no  diffracted 
light. 

The  above  experiments  provide  clear  evidence  of  laser-inducec 
grating  formation  during  these  picosecond  excite  and  probe  experi- 
ments in  germanium  at  1.06  um.  In  addition,  our  data  indicate  that 
the  narrow  spike  in  probe  detector  response  exhibits  the  following 
important  characteristics:  (1)  The  spike  strongly  depends  on  the 
relative  polarization  of  excite  and  probe  pulses.  (2)  The  width  of 
the  spike  is  narrow  with  respect  to  the  width  of  the  probe  pulse. 

(3)  Apparent  probe  pulse  transmissions  measured  at  zero  delay  are 
larger  than  the  corresponding  excite  pulse  transmission.  (4)  There 
is  a strong  similarity  between  this  spike  and  the  measured  diffracted 
spike.  For  these  reasons,  we  conclude  that  the  spike  in  probe  de- 
tector response  can  be  totally  accounted  for  by  a parametric  scat- 
tering of  the  excite  beam  into  the  probe  beam  by  a grating  created 
in  the  germanium  by  the  interference  of  the  two  pulses , as  suggested 

3 

earlier  by  Shank  and  Auston.  The  spike  is  merely  a coherent  coup- 
ling artifact  of  the  measurement  technique,  and  it  does  not  correspond 
to  an  actual  increase  in  sample  transmission.  Although  band-gap  nar- 
rowing and  state  filling  have  been  observed  in  other  semiconductor 
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experiments  involving  optical  excitation  (and  certainly  they  must 

be  occuring  here  as  well) , they  do  not  contribute  to  the  spike  in  probe 

14 

detector  response,  as  recently  suggested  by  Ferry. 

The  authors  wish  to  express  their  appreciation  to  E.  W.  Van 
Stryland  and  G.  Paul  Perryman  for  helpful  comments  and  discussions. 
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FIGURE  CAPTIONS 


Fig  . 1 


Fig.  2 


Fig.  3 


Fig.  4 


Fig.  5 


Fig.  6 


Geometry  for  the  diffraction  of  excite  and  probe  beams  by 
a laser-induced  grating,  where  e denotes  the  incident  ex- 
cite pulse,  p the  incident  probe  pulse,  et  the  transmitted 
excite  pulse,  pfc  the  transmitted  probe  pulse,  e^  the  first 
order  diffracted  excite  beams,  pd  the  first  order  diffracted 
probe  beams,  and  sin$  = 3sin0.  Solid  lines  represent  trans- 
mitted beams  and  broken  lines  diffracted  beams. 


Schematic  diagram  for  measuring  the  polarization  dependence 
of  the  excite  and  probe  response  of  Ge  at  1.06  pm,  where  D 
denotes  a detector,  B.S.  a beamsplitter,  M a mirror,  P a 
prism,  F a filter,  WP  a halfwave  plate,  L a lens,  and  S the 
germanium  sample.  Note  that  P2  can  be  translated  and  W.P. 
can  be  rotated. 


Normalized  response  of  the  probe  detector,  in  arbitrary  units, 
vs.  time  delay  between  excite  and  probe  pulses. 


Normalized  response  of  detector  4,  in  arbitrary  units,  vs. 
time  delay  between  excite  and  probe  pulses. 


Normalized  response  of  the  probe  detector,  in  arbitrary  units, 
vs.  the  relative  angle  between  the  polarizations  of  the  excite 
and  probe  pulses.  The  delay  between  excite  and  probe  was  zero 


The  instantaneous  transmission  of  the  germanium  sample  as 
calculated  by  Ferry^  (broken  line)  and  the  integrated  trans- 
mission of  a 10  psec  probe  pulse  (solid  line) , both  in  arbi- 
trary units,  vs.  time  delay  in  psec. 
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THE  PHYSICS  OF  NONLINEAR  ABSORPTION 
AND  ULTRAFAST  CARRIER  RELAXATION  IN  SEMICONDUCTORS 


ABSTRACT 


r 
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Recently,  picosecond  optical  techniques  have  been  used  to  measure 
the  nonlinear,  nonequi librium  optical,  properties  of  semiconductors  in 
an  effort  to  obtain  information  concerning  ultrafast  carrier  dynamics 
at  high  optically-created  carrier  densities.  A large  number  of  processes 
or  effects  have  been  observed  by  experimentalists  or  invoked  by  theorists 
in  these  studies.  Some  of  these  are  important  only  at  high  photogenerated 
carrier  densities;  others  occur  during  optical  excitation  at  any  intensity. 
In  addition,  other  apparent  effects  ire  simply  coherent  artifacts  of  the 
measurement  technique.  In  this  lecture,  we  shall  review  these  processes 
and  artifacts  with  an  emphasis  on  the  ultrashort  time  scales  and  high  car- 
rier densities  involved  in  these  studies.  Our  discussion  centers  on  the 
results  and  interpretation  of  a single  excite  and  probe  experiment  at  1.06 
in  the  semiconductor  germanium. 
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I.  INTRODUCTION 


I 


The  absorption  of  light  quanta  of  energy  greater  than  the  band  gap  in 
a semiconductor  induces  an  electron  to  make  a transition  from  the  valence 
band  to  a state  high  in  the  conduction  band,  leaving  behind  a hole  in  the 
valence  band  (Fig.  1).  After  such  an  absorption  process,  the  photoexcited 
electron  is  left  with  an  excess  energy  AE^  that  is  given  by 


AE^  = (tfv  - E ) (1  + m^/m^) 


-1 


(1) 


where  mg  is  the  electron  effective  mass  and  m^  is  the  hole  effective  mass. 
The  excess  energy  of  the  photogenerated  hole  is 


AE,_  = (-nv  - E ) - AE  (2) 

h g e 

These  energetic  electrons  (holes)  will  quickly  relax  through  various  colli- 
sional  processes  to  the  bottom  (top)  of  the  conduction  (valence)  band,  where 
eventually  they  will  recombine.  It  is  well  established  that  if  the  photo- 
excitation is  sufficiently  intense  this  relaxation  process  results  in  the 
generation  of  hot  electron  and  phonon  distributions. 

The  intraband  relaxation  kinetics  of  a photoexcited  electron  located 
energetically  above  the  conduction  band  minimum  are  complex ; moreover,  as 
we  shall  see,  the  evolution  of  many  (if  these  processes  occurs  on  a time  scale 
too  rapid  for  direct  measurement  by  present  electronic  detection  systems.  In 
some  cases,  characteristic  relaxcition  times  for  these  ultrafast  processes 
have  been  determined  indirectly  from  transport  measurements  oi  from  steady- 
state  photoluminescence  measurements. 

In  general,  the  measurement  of  a transport  property  such  as  the  mobility 
or  drift  velocity  always  represents  an  integrated  or  average  effect  over  the 
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distribution  function.  Consequently,  it  is  usually  necessary  to  assume 
the  form  of  the  distribution  function.  Once  the  distribution  function 
has  been  assumed  or  determined,  measurement  of  one  of  a number  of  trans- 
port properties  such  as  the  mobility,  Hall  effect,  magnetoresistance,  or 
the  Shubnikov  de  Haas  effect  will  yield  the  carrier  temperature.  Details 
of  these  studies  have  been  provided  by  K.  Hess  and  G.  Bauer  in  earlier 
lectures.  For  additional  discussion  of  the  methods  for  determining  hot 

electron  temperatures  from  transport  measurements  the  reader  may  find  the 

1 2 

reviews  by  E.  M.  Conwell  and  G.  Bauer  of  interest. 

By  employing  steady  state  optical  techniques  such  as  photoluminescence 
or  optical  absorption,  information  concerning  the  form  of  the  distribution 
function  as  well  as  the  carrier  temperature  can  be  obtained.  This  additional 
information  concerning  the  distribution  function  is  obtained  primarily  be- 
cause a direct  optical  transition  (absorpt ion  or  emission)  occurs  between 
a well  defined  initial  energy  state  !h  and  a well  defined  final  state  E^, 
where  E^  - E ^ = 'fiv.  The  transition  rate  between  these  two  states  depends 
on  the  occupancy  of  the  initial  state  f(EJ  and  the  availability  of  the  final 
state  1-  f(Ef).  As  a result,  we  can  measure  the  entire  energy  dependence  of  the 
distribution  function  by  monitoring  all  possible  optical  transition  energies. 
The  methods  for  determining  hot  electron  distribution  functions  and  hot  elec- 
tron temperatures  from  radiative  recombination,  absorption,  or  inelastic 
light  scattering  have  been  reviewed  by  C.  J.  Hearn  and  R.  G.  Ulbrich  in 
earlier  lectures.  Additional  details  are  provided  by  the  reviews  of  G.  Bauer^, 
J.  Shah**,  R.  G.  Ulbrich^,  R.  C.  C.  Leite^,  and  C.  Weisbuch^. 

Generally,  these  detailed  studies  of  hot  electron  and  phonon  distribu- 
tions, both  those  employing  transport  techniques  and  those  employing  photo- 
luminescence techniques,  have  been  conducted  under  steady  state  conditions. 
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That  is,  the  knowledge  of  the  electron  temperature  and  the  form  of  the  dis- 
tribution function  are  determined  by  assuming  that  the  rate  at  which  the 
electron-hole  gas  receives  energy  from  the  electrical  or  optical  field  is 
equal  to  the  rate  at  which  the  carriers  lose  that  energy  to  the  lattice  or 
impurities.  This  detailed  knowledge  of  the  steady-state  distribution  func- 
tions then  provides  information  concerning  electron-electron  and  electron- 
phonon  interactions;  from  this  information,  ultrafast  relaxation  rates  are  in- 
directly assigned.  Direct  time  resolved  studies  have  been  performed8,  but  they 
have,  previously,  been  limited  in  resolution  to  nanosecond  time  scales.  With 
the  advent  of  mode-locked  lasers  and  the  picosecond  optical  pulses  that  they 
produce,  direct  measurement  of  many  of  these  relaxation  times  is  now  possible. 
The  remainder  of  this  lecture  and  my  seminar  to  follow  will  describe  the  pro- 
cedures, results,  and  interpretation  of  experiments  that  directly  measure 
the  nonlinear,  nonequilibrium  optical  properties  of  semiconductors  on  a 
picosecond  time  scale  in  an  effort  to  obtain  information  concerning  ultrafast 
carrier  relaxation  processes. 

As  a rule,  these  direct  experimental  studies  of  ultrafast  relaxation 

processes  have  employed  a variation  of  the  excite  and  probe  technique.  This 

9 

method  was  first  used  on  a picosecond  time  scale  by  Shelton  and  Armstrong  . 

In  this  technique,  a single  ultrashort  (0.2  psec  - 10  psec)  optical  pulse  is 

switched  by  an  electro-optic  shutter  from  a train  of  such  pulses  produced  by 

a mode-locked  laser.  This  single  pulse  is  split  into  two  by  a beam  splitter, 

and  a relative  delay  is  introduced  between  the  two  pulses.  The  intensity  of 

the  second  (probe)  pulse  is  attenuated  to  a small  fraction  (e.g.  2%)  of  the 

corresponding  intensity  of  the  first  (excite)  pulse.  Both  pulses  are  focused 

onto  the  semiconductor  sample  as  shown  in  Fig.  2.  Intense  ultrashort  pulses 

0 

(typically  having  peak  powers  on  the  order  of  10  watts)  whose  photon  energy 
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-ttv  is  greater  than  the  band  gap  of  the  semiconductor,  when  tightly  fo- 

19  20  -3 

cused,  can  produce  an  enormous  number  (10  - 10  cm  ) of  electron-hole 

pairs  on  a time  scale  that  is  short  compared  to  many  of  the  kinetic  pro- 
cesses involved  in  the  evolution  of  the  carrier  distribution.  Thus,  the 
absorption  of  the  excite  pulse  creates  a large,  rapidly  evolving,  nonequili- 
brium  carrier  distribution  that  changes  the  transmission  properties  of  the 
sample.  This  initial  pulse  is  then  followed  at  various  time  delays  by  the 
weak  probe  pulse  that  monitors  the  evolution  of  the  enhanced  sample  trans- 
mission with  time  as  it.  returns  to  its  equilibrium  condition.  There  are  any 
number  of  variations  of  this  technique.  B'or  example,  the  probe  pulse  can  be 
monitored  in  reflection  as  well  as  transmission,  the  probe  wavelength  can  be 
purposefully  chosen  to  be  different  from  the  excite  wavelength,  and  the  probe 
polarization  can  be  varied  with  respect  to  the  polarization  of  the  excite 
pulse.  Another  variation  of  the  technique  is  to  hold  the  time  delay  between 
excite  and  probe  pulses  constant  w.iiie  varying  the  energy  of  the  excite  pulse. 
Of  course,  in  addition  to  varying  the  optical  parameters , one  can  vary  the 
environment  of  the  optical  sample  as  well  (e.g.  vary  the  sample  temperature 
or  subject  the  sample  to  hydrostatic  pressure) . We  shall  review  the  appli- 
cation of  many  of  these  techniques  to  the  time-resolved  measurement  of  the 
optically  induced  changes  in  the  transmission  and  reflection  spectrum  of  Ge 
and  GaAs  in  our  seminar  to  follow.  In  the  remainder  of  this  lecture,  for 
pedagogical  purposes,  we  shall  restrict  our  discussion  to  a single  applica- 
tion of  the  excite  and  probe  technique  to  germanium. 

Specifically,  we  intend  to  discuss  an  early  excite  and  probe  experiment 
performed  in  germanium  using  intense  picosecond  optical  pulses  with  a wave- 
length of  1.06  um  as  depicted  in  Pig.  3.  In  this  particular  application  of 
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the  excite  and  probe  technique,  the  excite  pulses  were  selected  by  a laser- 
triggered  spark  gap  and  a Pockel's  cell  from  trains  of  pulses  produced  by 
a mode-locked  Nd-glass  laser.  The  pulses  were  approximately  10  psec  in 

Q 

duration  and  had  peak  powers  of  approximately  10  watts  at  a wavelength  of 

-2 

1.06  pm,  and  they  produced  a measured  irradiance  of  approximately  10  J/cm~ 
when  focused  on  the  crystal  surface  (to  a spot  size  2 mm  in  diameter) . The 
electron-hole  plasma  produced  by  the  absorption  of  the  excitation  pulse  was 
probed  using  weak  probe  pulses  at  1.06  pm. 

The  germanium  sample  was  a high  purity  (P  ^ = 40  ficm)  single  crystal  cut 

with  the  (111)  plane  as  the  face.  The  sample  was  polished  and  etched  with 
Syton  to  a thickness  of  6 pm  as  determined  by  interferometric  techniques. 

The  results  of  a measurement  of  the  change  in  transmission  of  the  thin 
germanium  crystal  at  1 .06  um  as  a function  of  increasing  carrier  number  (created 
by  the  direct  absorption  of  the  excitation  pulse)  are  shown  in  Fig.  4.  These 
data  were  obtained  in  the  following  manner  (see  inset  of  Fig.  4) . The  crystal 
was  illuminated  by  variable  energy  excite  pulses  with  a wavelength  of  1.06  pm 
and  the  transmission  of  each  pulse  was  measured.  The  crystal  transmission  at 
1.17  eV  (1.06  pm)  is  seen  to  increase  by  a factor  of  approximately  30  at  high 
photoexcitation  levels.  These  measurements  were  performed  at  100  K.  Thus, 
we  see  that  our  excite  pulse  can  be  made  energetic  enough  to  alter  the  optical 
properties  of  the  germanium! 

The  results  of  measurements  of  the  temporal  evolution  of  the  enhanced 
transmission  of  this  thin  germanium  sample  at  a wavelength  of  1.06  pm  follow- 
ing the  creation  of  a dense  electron-hole  plasma  by  the  excitation  pulse  are 
shown  in  Fig.  5.  The  measurements  were  performed  in  the  following  manner  (see 
inset  Fig.  5).  The  sample  was  irradiated  by  1.06  pm  excite  pulses  containing 
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approximately  2 x 10  quanta,  and  the  transmission  of  each  excite  pulse 

was  measured.  Each  excite  pulse  was  then  followed  at  various  delays  by 

a weak  probe  pulse  at  1.06  pm.  These  measurements  were  performed  for  a 

sample  temperature  of  100  K.  The  data  are  plotted  as  the  ratio  of  the 

probe  pulse  transmission  T to  excite  pulse  transmission  T , in  arbitrary 

P E 

units,  versus  time  delay  in  picoseconds.  The  arbitrary  units  are  chosen 
so  that  the  peak  of  the  probe  transmission  at  100  K is  unity.  The  actual 
value  of  the  ratio  T^/T^  was  observed  to  be  as  large  as  six;  however,  this 
value  strongly  depends  on  the  quality  of  the  spatial  overlap  of  the  focused 
excite  and  probe  pulses  on  the  sample  surface.  Notice  that  the  graph  of  the 
probe  transmission  versus  time  exhibits  two  distinct  features.  The  first  is 
a rapid  rise  and  fall  in  probe  transmission.  This  narrow  spike  is  approxi- 
mately two  picoseconds  wide  and  is  centered  about  zero  delay.  This  spike  is 
followed  by  a gradual  rise  and  fall  of  the  probe  transmission  lasting  hundreds 

of  picoseconds.  These  measurements  are  identical  to  those  reported  by  Kennedy 

10  11  12 
et  al . , Shank  and  Auston  , and  Smirl  et  al_.  . However,  when  comparing  the 

different  sets  of  data,  one  must  realize  that  the  sample  thicknesses  and  fo- 
cused optical  spot  sizes  are  not  identical. 

We  are  now  in  a position,  for  the  first  time,  to  clearly  define  our 
goals  for  the  remainder  of  this  lecture.  We  wish  to  enumerate  and  discuss 
the  various  effects  and  physical  processes  that  can  occur  during  and  follow- 
ing the  absorption  of  an  intense , ultrashort  optical  pulse  whose  energy  is 
greater  than  the  bandgap.  Our  intent  is  to  follow  the  temporal  evolution 
of  the  nonequilibrium,  optically-created  electron  distribution  on  a picosecond 
time  scale  in  the  hope  of  directly  determining  the  characteristic  scattering 
rates  of  these  processes.  In  order  to  be  specific,  we  shall  use  the  excite 
and  probe  transmission  studies  at  1 .06  pm  presented  in  Fig.  4 and  Fig.  5 as 
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the  basis  for  our  discussion.  We  choose  this  experiment  and  this  semi- 
conductor, for  the  following  reasons.  (1)  To  this  point,  more  experimental 
studies  have  been  performed  on  germanium  than  on  any  other  semiconductor. 

This  is  because  it  is  a well  characterized  material  with  a bandgap  energy 
that  is  comparable  to,  but  less  than,  the  photon  energy  of  the  1.06  pm  Nd-qlass 
laser.  ("9  More  effort  has  been  expended  theoretically  attempting  to  model 
the  picosecond  optical  response  of  germanium  than  any  other  semiconductor. 

In  particular,  much  of  this  theoretical  work  has  been  an  attempt  to  interpret 
the  data  of  Fig.  4 and  Fig.  5.  (3)  Finally,  we  choose  to  emphasize  this  data 

because  to  this  point  in  time  there  is  no  single  accepted  explanation  for  the 
slow  rise  in  probe  transmission  displayed  in  Fig.  5.  As  a result,  these  par- 
ticular early  experiments  graphically  illustrate  problems  that  can  be  encoun- 
tered in  the  interpretation  of  the  data  obtained  with  such  intense  ultrashort 
pulses  - unless  care  is  taken  in  designing  the  experiment.  During  early  ex- 
periments freedom  in  this  regard  was  limited  by  the  scarcity  of  picosecond 
sources  at  wavelengths  other  than  1 .06  pm. 

We  emphasize,  once  again,  that  the  picosecond  optical  studies  described 
here,  potentially,  have  all  of  the  advantages  of  the  studies  described  earlier 
by  C.  J.  Hearn  and  R.  G.  Ulbrich.  They  differ  from  these  studies,  however, 
in  two  ways.  First,  picosecond  clocks,  such  as  the  one  pictured  in  Fig.  2, 
provide  picosecond  time  resolution.  Second,  absorption  of  such  intense  opti- 
cal pulses  in  a semiconductor  create  carrier  densities  much  larger  than 
those  encountered  in  steady  state  optical  experiments.  This  allows  the  study 
of  processes  that  become  significant  only  at  high  carrier  densities.  Tra- 
ditionally, these  phenomena  have  been  studied  in  the  presence  of  strong  im- 
purity effects  caused  by  high  concentrations  of  donors  and  acceptors  in 
heavi ly-doped  materials. 
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r The  remainder  of  this  lecture  is  organized  as  follows.  In  the  next 

section,  wc  summarize  the  pertinent  features  of  the  germanium  band  structure. 
In  Sec.  Ill,  we  qualitatively  discuss  the  physical  processes  that  occur 
during  and  after  the  nonlinear  absorption  of  the  excite  pulse  by  germanium. 
Finally,  in  Sec.  IV,  we  discuss  an  initial  attempt  at  modeling  the  picosecond 
optical  response  of  germanium,  as  depicted  in  Fig.  4 and  Fig.  5.  In  doing 
so,  we  shall  have  to  invoke  or  consider  a rather  large  number  of  physical 
processes.  We  shall  review  experimental  attempts  to  separate  the  roles  of 
these  processes  in  determining  the  picosecond  temporal  evolution  of  the  opti- 
cally-created carrier  distribution  in  germanium  in  a later  seminar  of  this 
ASI. 

Finally,  the  author  notes  that  this  is  not  a review  article  and  no 
attempt  has  been  made  to  provide  a comprehensive  survey  of  the  area  of  pico- 
second spectroscopy  or  the  application  of  picosecond  techniques  to  semicon- 
ductors. Nor  has  any  attempt  been  made  to  provide  the  reader  with  an  ex- 
haustive bibliography.  For  further  information  on  the  techniques  and  appli- 
cations of  picosecond  optical  pulses, the  reader  is  referred  to  recent  works 
13  14 

edited  by  Shapiro  and  Shank,  Ippen  and  Shapiro  . Our  intent  here  is  to 
provide  the  reader  with  an  introduction  to  picosecond  optical  interactions 
in  semiconductors.  In  this  regard,  we  have  relied  heavily  on  our  own  work 
on  germanium  and  work  by  others  related  to  our  own.  Remarks  that  we  make 
concerning  areas  of  general  agreement,  controversy,  and  future  study  (the 
reader  should  be  warned)  ref  lect  our  own  point  of  view  and  are  by  definition 
subjective.  The  reader  should  also  be  warned  that  our  point  of  view  has 
been  known  to  change  from  time-to-time  as  these  studies  progress. 


II.  REVIEW  OF  THE  GERMANIUM  BAND  STRUCTURE 


] 5-19 

The  energy  band  structure  of  Ge  is  well  known,  and  the  relevant 

features  are  shown  in  Fig.  6.  The  significant  features  of  the  conduction 
band  are  the  locations  of  the  conduction  band  valleys.  The  minimum  located 
at  T is  separated  from  the  top  of  the  valence  band  by  0.805  eV  at  300  K. 

This  separation  increases  to  0.889  eV  at  77  K.  This  central  conduction  band 
valley  is  highly  nonparabolic;  however,  an  enormous  simplification  in  cal- 
culations is  obtained  by  replacing  the  actual  central  valley  structure  by 
a parabolic  structure  with  effective  mass  m^  = 0.04  m,  where  m is  the  elec- 
tron rest  mass.  The  consequences  of  such  a simplification  are  discussed  by 
20 

Latham  e_t  al . The  indirect  gap  at  L has  a separation  of  0.664  eV  at  300  K 

and  a separation  of  0.734  at  77  K.  There  are  four  valleys  like  the  one 

shown  in  the  [111]  direction.  The  minima  for  these  valleys  are  located 

exactly  at  the  Brillouin-zone  boundary.  The  band  minimum  at  X is  0.18  eV 

higher  than  the  minimum  at  L.  There  are  six  valleys  like  the  one  in  the 

[100]  direction.  The  energy  surfaces  in  the  side  valleys  are  elongated 

ellipsoids;  the  density  of  states  effective  mass  for  the  side  valleys  is  taken 

to  be  m ~ 0.22  m. 
c 

There  are  three  valence  bands  that  are  separated  by  the  spin-orbit 
interaction.  The  valence  band  maximum  is  at  T.  At  the  center  of  the 
Brillouin  zone,  the  heavy  hole  band  and  the  light  hole  band  are  degenerate, 
and  the  third  band  is  separated  from  them  by  an  energy  A = 0.3  eV.  Near  the 
center  of  the  zone,  the  light  hole  band  can  be  approximated  by  an  effective 
mass  of  m^  = 0.04m.  However,  except  for  this  small  region  near  the  center 
of  the  Brillouin  zone,  the  structure  introduced  by  the  spin  orbit  coupling  is 
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minor,  and  we  can  treat  the  heavy  hole  and  light  hole  bands  as  having  the 

r 

|U  same  curvature,  separated  in  energy  by  A'  =0.14  eV.  The  effective  mass 

of  both  heavy-hole  and  light-hole  valence  bands  away  from  k = 0 is  taken 
to  be  = 0 . 34  m. 


III.  PHYSICAL  PROCESSES 

The  transient  properties  of  a dense  electron-hole  plasma  created  in  a 
semiconductor  by  the  interband  absorption  of  an  intense  ultrashort  optical 
pulse  are  determined  by  the  simultaneous  interaction  of  a large  number  of 
electronic  processes.  Thus,  if  we  are  to  follow  the  dynamics  of  the  car- 
rier distribution  on  a picosecond  time  scale,  we  require  a detailed  know- 
ledge of  which  processes  occur,  their  rates,  and  their  effects  on  the  evolving 
plasma.  In  this  section,  we  list  the  fundamental  processes  believed  to  be  im- 
portant, and  we  estimate  their  rates  and  effects  on  the  carrier  distribution. 

We  use  the  word  "estimate"  because  some  of  these  processes  occur  on  a time 
scale  too  rapid  for  direct  measurement  even  by  picosecond  techniques,  and 
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others  have  yet  to  be  measured  in  a clear  and  concise  manner  at  these  large 
carrier  densities.  We  list  only  those  processes  or  effects  that  have  been 
observed  by  experimentalists  or  invoked  by  theorists  in  their  interpretation  of 
picosecond  studies  in  germanium.  As  a result,  we  recognize  from  the  outset 
that  our  list  contains  only  a few  of  the  myriad  of  possible  electronic  inter- 
actions. We  discuss  these  processes  in  the  context  of  understanding  and  in- 
terpreting the  data  of  Fig.  4 and  Fig.  5. 

When  an  intense  excite  pulse  is  incident  on  a thin  germanium  sample, 
a fraction  of  the  pulse  is  reflected;  the  unreflected  portion  enters 
the  bulk  of  the  crystal  where  most  of  it  is  absorbed.  The  light  entering  the 
bulk  of  the  '-rystal  is  absorbed  primarily  by  direct  optical  transitions.  In 
this  process  (see  process  a of  Fig.  7) , a quanta  of  light  from  the  excite 
pulse  is  absorbed  inducing  an  electron  to  make  a transition  from  near  the 
top  of  the  valence  band  to  the  conduction  band  valley  near  T,  leaving  behind 
a hole  in  the  valence  band.  As  shown  in  Fig.  7,  such  a transition  is  energetically 
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allowed  between  each  of  the  three  valence  bands  and  the  conduction  band, 

since  the  energy  of  the  light  quanta/ftv  is  substantially  greater  than  the 

direct  band  gap  energy  E . However,  we  shall  ignore  the  contribution  of 

o 

the  split-off  band  to  the  direct  absorption  coefficient  because  of  its  small 

contribution  to  the  hole  density  of  states  (in  fact,  at  temperatures  below 

room  temperature,  e.g.  77  K,  we  are  not  energetically  coupled  to  the  split- 

off  band  at  all) . The  linear  direct  absorption  coefficient  a for  germanium 

o 

21  4-1 

at  300  K and  1.06  pm  is  1.4  x 10  cm  , yielding  an  absorption  length  of 
approximately  a micron.  The  direct  absorption  of  an  intense  optical  pulse 
generates  carriers  into  a single  optically-coupled  state  in  the  conduction 
band  at  a rate  that  is  approximately  given  by 

G ( t)  = a I(t)/[  n(E)AEflv]  , (3) 

o 

where  I is  the  incident  optical  intensity,  n(E)  the  density  of  states  at 

the  optically-coupled  energy,  and  Af:  is  the  spread  in  optically-coupled 

energies  caused  by  the  finite  bandwidth  of  the  incident  optical  pulse.  For 

-2  2 

typical  10  psec  wide  excite  pulses  at  1.06  pm  with  an  energy  density  of  10  J/cm 

and  a bandwidth  in  the  range  of  10  A to  100  A,  the  generation  rate  into  a 

single  state  is  approximately  1013  to  1014  sec  . The  absorption  of  such  a 

19  21  -3 

pulse  can  create  carrier  densities  between  10  and  10  cm  in  a time 
period  of  10  psec.  In  addition,  each  electron  is  deposited  into  the  conduc- 
tion band  with  an  excess  energy  AE^  = 0.33  eV  with  respect  to  the  bottom  of 
the  central  conduction  band  valley  and  an  excess  energy  AEg  = 0.47  eV  with 
respect  to  the  side  valley  at  L.  Consequently,  the  effect  of  direct  absorp- 
tion is  the  creation  of  a large  number  of  carriers  with  excess  energy  AEe. 

Indirect  phonon-assisted  interband  absorption  processes,  which  involve 
the  transition  of  an  electron  from  the  valence  band  near  T to  either  the  L 
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or  X conduction-band  valleys  by  the  simultaneous  absorption  of  a photon  and 

r 

^ the  absorption  or  emission  of  a phonon,  are  also  allowed  (process  b.  Fig.  7) . 

These  processes  are  not  important  in  our  problems.  As  we  shall  see,  the  pro- 
bability that  an  electron  will  reach  the  L valley  by  means  of  a real  optical 
transition  to  the  T valley  followed  by  a phonon-assisted  scattering  to  one 
of  these  side  valleys  is  much  greater  than  the  probability  that  the  electron 

will  reach  the  same  valley  bv  means  of  a second-order  phonon-assisted  transi- 

21 

tion.  The  indirect  absorption  coefficient  for  germanium  at  1.06  ym  and 

2 -1 

room  temperature  is  approximately  3.5  x 10  cm  . For  this  reason,  we  ignore 
phonon-assisted  indirect  absorption  effects  in  the  remainder  of  our  discussions. 

As  we  have  already  stated,  direct  absorption  of  the  excite  pulse 
deposits  electrons  high  in  the  conduction  band,  leaving  behind  holes  in  the 
valence  band.  Since  the  excite  pulse  is  approximately  monochromatic,  a very 
narrow  set  of  states  in  the  valence  band  is  optically  coupled  to  a narrow 
set  of  states  in  the  conduction  band.  The  optically-excited  electrons  and 
holes  are  initially  deposited  in  these  states  and  initially  occupy  very 
localized  regions  within  the  conduction  and  valence  bands,  respectively.  Be- 
cause of  the  small  number  of  optically-coupled  electron  (hole)  states  available 
in  the  conduction  (valence)  band,  one  might  be  tempted  to  conclude  that  the 
direct  transitions  are  saturated  at  very  low  pulse  energies.  In  fact,  this 
need  not  be  the  case.  The  number  of  carriers  occupying  the  optically-coupled 
states  at  any  given  time  is  determined  by  the  relative  strengths  of  the  direct 
optical  generation  rate  into  the  states  (Eq.  3)  and  the  combined  scattering 
rates  out.  If  the  generation  rate  exceeds  the  scattering-out  rates,  then  the 
optically-coupled  states  are  partially  filled,  and  the  transmission  of  the 
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significant,  results  in  a delta-function-like  spike  in  the  distribution 

function  located  at  the  optically  coupled  states.  We  now  consider  the 

mechanisms  by  which  the  photoexcited  electrons  are  scattered  from  the 

optically-coupled  states  and  loose  their  excess  energy  AE^. 

One  of  the  primary  processes  that  removes  the  nonequilibrium  electrons 

from  their  localized  initial  states  is  long  wavevector  phonon-assisted 

intervalley  electron  scattering  (process  c,  Fig.  7) . Such  transitions 

are  energetically  allowed  since/ttv  > E where  E refers  to 

L,X  pq  L , X 

the  indirect  gaps  at  L and  X and  to  the  phonon  frequency  of  mode  p and 
-*  22 

momentum  q.  Elci  et  al.  have  calculated  the  intrinsic  state  lifetime  Tq 
of  an  electron  initially  in  a state  k in  the  central  valley  of  the  conduc- 
tion band  as  it  is  scattered  by  long  wavevector  optical  and  acoustic  pho- 
nons to  available  states  k'  in  all  side  valleys.  That  is,  they  calculate 

1/t  = I R(k,k ' ) , (4) 

o -y 
k' 

£ 

where  R(k,k')  is  a scattering  rate  calculated  from  first  order  perturbation 

theory  and  Fermi's  Golden  Rule.  They  estimate  the  scattering  rate  1/t  to 
14  -1 

be  greater  than  10  sec  . Consequently,  electrons  are  emptied  from  the 
central  to  side  conduction-band  valleys  at  a rate  that  is  comparable  to, 
or  larger  than,  the  optical  generation  rate. 

The  electrons  scattered  to  the  side  valleys  by  optical  and  acoustic 
phonons  are  deposited  there  with  an  excess  energy  AEg  = 0.47  eV.  These  non- 
equilibrium carriers  might  be  thought  to  occupy  very  localized  regions  within 
the  side  valleys,  and  the  holes  expected  to  still  occupy  a localized  set  of 
states  in  the  valence  band.  These  energetic  carriers  can  give  up  their 
excess  energy  to  the  distribution  as  a whole  via  carrier-carrier  collisions 
(process  d) , or  they  can  lose  their  excess  energy  by  intravalley  optical  phonon 
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emission  (process  e) , as  shown  in  Fig.  7.  Carrier-carrier  scattering  events 

(including  electron-electron,  electron-hole,  and  hole-hole  collisions)  occur 

because  each  carrier  must  move  in  the  screened  Coulomb  field  of  the  other 

22 

carriers.  The  rate  for  such  collisions  is  very  large.  Elci  et  al_.  have 

14  -1 

estimated  thi.s  rate  to  be  greater  than  10  sec  at  carrier  densities  of 
20  -3 

10  cm  . These  collisions  ensure  that  the  electron  and  hole  distributions 
will  be  Fermi-like.  They  also  ensure  that  the  Fermi  distribution  for  the 
holes  and  the  Fermi  distribution  for  the  electrons  will  reach  a common  tem- 
perature, which  is  different  from  the  lattice  temperature.  This  initial 
temperature  can  be  obtained  by  equating  the  total  optical  energy  absorbed  to 
the  total  energy  of  the  electron-hole  distribution. 


DEE  (k)  f (k)  + Z Z E (k)  f (k) 
r*-  ec  ec  + hv  hv 

c k v k 


rvflv 


(5) 


where  f ^ ( k ) represents  the  electron  Fermi  distribution  function  in  the 

conduction  band  c,  f (k)  the  hole  distribution  function  in  the  valence 

hv 

band  v,  Z denotes  a summation  over  all  conduction  band  valleys,  and  Z a 
c v 

summation  over  all  valence  bands.  Finally,  n represents  the  number  of  photo- 
generated electron-hole  pairs  as  determined  by  integrating  the  total  optical 
generation  rate  over  the  optical  pulse  width.  The  approximate  result  of 
such  a calculation  is 


T - r~—  Hiv  - Et)  , (6) 

3kB  L 

where  k is  the  Boltzmann  constant.  Consequently,  we  obtain  an  initial 
B 

carrier  temperature  of  approximately  1800  K! 

Electrons  located  high  in  the  tail  of  this  hot  Fermi  distribution  can  re- 


lax by  intravalley  optical  phonon  emission.  Similar  comments  also  apply  to  the 
holes  in  the  valence  band.  The  effect  of  this  relaxation  mechanism  (process 
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e,  Fig.  7)  is  to  reduce  the  carrier  temperature  and  increase  the  lattice 
temperature.  The  rate  at  which  the  carrier  distribution  loses  energy  to 
the  lattice  is  of  fundamental  importance  in  determining  the  temporal  evolu- 
tion of  the  germanium  transmission.  Unfortunately,  the  electron-optical  pho- 
non coupling  constant  Qq  for  germanium  is  uncertain  by  a factor  of  3.  Ex- 

1 23-32 

perimental  measurements  and  theoretical  estimates  of  this  value  range  ' 

-4  -4 

from  6.4  x 10  erg/cm  to  18.5  x 10  erg/cm.  Since  the  carrier  energy  re- 

2 

laxation  rate  is  proportional  to  , the  time  required  for  the  carrier  dis- 
tribution temperature  to  reach  that  of  the  lattice  is  uncertain  by  an  order 
of  magnitude.  We  shall  return  to  this  controversy  later  in  this  lecture  and 
again  in  a later  seminar.  For  the  moment,  it  is  sufficient  to  note  that  an 

individual  nonequilibrium  carrier  in  the  side  conduction  band  valley  will 

12  -1 

emit  optical  phonons  at  a rate  of  approximately  10  sec  . In  other  words, 

a carrier  at  1800  K will  initially  loose  its  energy  at  a rate  of  roughly 

0.03  eV/psec.  We  emphasize  that  these  numbers  represent  only  a rough  order 

of  magnitude,  and  they  are  uncertain  by  a factor  of  10.  In  any  event,  it  is 

clear  that  the  phonon  relaxation  rate  is  much  slower  than  the  carrier-carrier 

thermalization  rate  discussed  in  the  previous  paragraph. 

Also  notice  (Fig.  7)  that  a single  electron  will  emit  approximately  15 

20 

optical  phonons  while  relaxing  to  the  conduction  band  minimum.  As  10  car- 
riers/cm ^ cool  to  lattice  temperature,  an  enormous  number  of  such  short  wave- 
vector  optical  phonons  are  created.  These  optical  phonons  eventually  decay 
into  two  long  wavevector  acoustic  phonons.  If  the  rate  at  which  the  optic 
phonons  decay  into  acoustic  phonons  is  smaller  than  the  rate  at  which  optic 
phonons  are  created  by  hot  carrier  relaxation,  the  result  will  be  a nonequili- 
brium phonon  distribution  with  a temperature  Tp  greater  than  the  lattice  tem- 

33 

perature.  According  to  Safran  and  Lax  , the  optical  phonons  decay  with  a 
characteristic  time  of  10  psec  at  77  K and  5 psec  at  297  X. 
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Once  there  are  electrons  in  the  conduction  band  and  holes  in  the  va- 
lence band,  as  a result  of  direct  absorption  of  the  excite  pulse,  then 
free-carrier  absorption  is  possible.  Pree-carrier  absorption  (process  f. 

Fig.  8)  denotes  a process  where  an  electron  in  any  one  of  the  conduction 
band  valleys  is  induced  to  make  a transition  to  a state  higher  in  that  same 
valley  by  the  simultaneous  absorption  of  a photon  and  the  absorption  or  emis- 
sion of  a phonon  (optical  or  acoustic) . An  identical  process  occurs  for 
holes  in  the  valence  band.  The  rate  for  direct  absorption  is  usually  larger 
than  that  for  free-carrier  absorption;  however,  the  rate  at  which  direct 
absorption  events  occur  decreases  as  the  number  of  occupied  states  in  the  T 
valley  increases.  On  the  other  hand,  the  rate  for  free-carrier  absorption 
events  increases  as  the  number  of  electrons  (holes)  in  the  conduction  (va- 
lence) band  increases.  The  total  number  of  free-carrier  events  occuring 
per  unit  time  per  unit  volume  in  our  experiments  can  be  estimated  from 


Total  _ „ 

R = a I/Mv 

FCA  FCA 


(7) 


where  ct  ^ is  the  free  carrier  absorption  coefficient  and  X the  optical  in- 
tensity. The  rate  per  carrier  can  then  be  obtained  by  dividing  Eq.  7 by  the 
number  of  carriers/volume  present  in  the  sample: 


R = ot  I/hvn 
FCA  FCA 


(8) 


The  free-carrier  absorption  coefficient  a is  directly  proportional  to  carrier 

22  23-1 

density  and  is  estimated  to  reach  values  between  3 x 10  and  3 x 10  cm 

at  the  optically-created  carrier  densities  encountered  in  the  experiments  of 

Fig.  4 and  Fig.  5.  Since  is  directly  proportional  to  n,  the  rate/carrier 
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10  and  10  sec  . As  a result  of  a free-carrier  absorption  event,  a 
carrier  will  gain  an  excess  energy  /tfv.  This  excess  energy  is  quickly  re- 
distributed to  the  distribution  as  a whole  through  carrier-carrier  collisions. 
As  a result,  free-carrier  absorption  serves  to  further  elevate  the  carrier 
temperature . 

It  is  important  to  notice  that,  of  the  processes  discussed  to  this  point, 
only  direct  and  indirect  absorption  events  will  increase  the  carrier  number. 
Free-carrier  absorption  and  phonon-assisted  relaxation  serve  only  to  elevate 
or  reduce,  respectively  the  carrier  temperature.  Various  recombination  pro- 
cesses can  reduce  the  carrier  number,  as  discusses  below. 

The  recombination  processes  can  be  divided  into  two  general  categories: 
radiative  and  nonradiative . Radiative  recombination  can  be  of  two  types:  di- 
rect and  indirect.  The  recombination  of  an  electron  in  the  T-valley  of  the 
conduction  band  with  a hole  in  the  valence  band  by  means  of  emission  a photon 
is  termed  direct  (process  g.  Fig.  8) ; the  recombination  of  an  electron  in  the 
L or  X-valley  with  a hole  in  the  valence  band  by  means  of  the  simultaneous 
emission  of  a photon  and  emission  (or  absorption)  of  a phonon  is  termed  in- 
direct (not  shown) . Direct  gap  recombination  is  the  faster  of  the  two  pro- 
cesses. The  transition  probability  is  energy  and  distribution  function  depen- 
dent. At  the  high  carrier  densities  under  consideration  here,  the  rate  has 
22  34  9 -1 

been  estimated  ' to  be  approximately  10  sec  . Much  shorter  effective 

35 

lifetimes  have  been  predicted  ; however,  we  presently  have  no  direct  exper- 
imental evidence  to  substantiate  those  claims.  Consequently,  we  assume  that 
these  processes  occur  on  nanosecond  time  scales  and  ignore  them  for  the  re- 


mainder of  our  discussion. 


L 


At  very  high  carrier  densities,  such  as  those  produced  here,  third- 
order  nonradiative  Auger  recombination  can  become  important.  Auger  recom- 
bination is  a Coulomb ic  three-body  interaction  conserving  energy  and  mo- 
mentum. In  this  process  (h , Fig.  8) , an  electron  recombines  with  a hole, 
and  the  excess  energy  is  transferred  to  another  electron  (or  hole)  in  the 
form  of  kinetic  energy.  The  Auger  equation  for  electron-hole  recombination 
has  the  form 


dn/dt  = -y  n' 
A 


(9; 


where  y.  is  defined  as  the  Auqer  rate  constant.  This  rate  constant  has  been 
A 

estimated^6  to  be  approximately  10  ^ cm^  sec  We  can  use  Eq.  (9)  to  deter- 
mine an  estimate  of  the  initial  decay  rate  immediately  following  carrier  crea- 
tion by  direct  absorption  of  the  excitation  pulse: 


dn 

dt 


2, 


(Yano)n 


(10) 


where  n^  is  the  initial  photogenerated  carrier  density  and  YAno  t^le  initial 
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rate.  For  typical  carrier  densities  generated  here  (10  - 10  cm  ) , this 

9 11  -1 

yields  an  initial  recombination  rate  of  10  - 10  sec  . Obviously,  this 

rate  is  strongly  dependent  on  the  carrier  density;  an  uncertainty  of  an  order 
of  magnitude  in  carrier  density  results  in  two  orders  of  magnitude  error  in 
the  initial  carrier  loss  rate.  We  shall  report  on  picosecond  optical  measure- 
ment of  these  Auger  rates  in  a later  seminar.  Because  of  the  small  magnitude 
of  y^,  Auger  events  are  only  observed  at  very  high  carrier  densities.  They 
serve  to  reduce  the  carrier  number  and  heat  the  carrier  distribution. 

In  passing,  we  note  that  the  inverse  of  the  Auger  process,  the  so-called 
Kane  process  is  also  allowed.  This  process  (not  shown  in  Fig.  8)  is  also  a 
three-body  Coulombic  interaction.  Here,  however,  an  electron  located  high  in 
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the  conduction  band  makes  a transition  to  lower  in  the  band,  and  the  excess 
energy  is  used  to  create  an  electron-hole  pair.  For  this  process  to  be 
significant  a substantial  number  of  carriers  must  be  located  high  enough 
in  the  conduction  band  to  possess  an  excess  kinetic  energy  larger  than  the 


direct  band  gap  energy  E . As  a result,  this  process  deoends  strongly  on 

o 
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carrier  temperature.  The  rate  for  this  process  has  been  estimated  to  be 


8 — i 

less  than  10  sec  for  typical  distribution  temperatures  i icountered  here. 


As  the  carrier  density  builds  up  (primarily  as  a result  of  direct  ab- 
sorption of  the  excite  pulse),  the  plasma  frequency  of  the  carriers  increases. 
At  sufficiently  large  plasma  frequencies,  an  electron  in  the  T valley  can  re- 
combine with  a hole  near  the  top  of  the  valence  bands  via  emisison  of  a plas- 
mon.  The  plasma  frequency,  given  by 


2 e“n  11 

(0  = (—  + — ) 

P e mc  m^ 


(11) 


where  e is  the  elementary  electron  charge,  e the  dielectric  constant,  n the 
carrier  density,  and  and  m^  are  the  electron  and  hole  effective  masses, 
respectively.  Since  most  of  the  electrons  are  located  in  the  side  valleys, 
the  side-valley  electron  effective  mass  occurs  in  Eq.  (11) . Normally,  an 
electron  near  the  conduction-band  edge  (at  T)  can  recombine  with  a hole  by 


emission  of  a plasmon  only  if  the  plasma  frequency  is  larger  than  the  di- 


rect gap'  frequency  However,  in  our  problem  according  to  Elci  et  al 
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the  plasmon  resonance  is  substantially  broadened  during  the  period  the  exci- 
tation pulse  is  passing  through  the  sample.  This  is  because  direct  absorption 
populates  only  the  T valley.  As  a result,  the  Fermi  energy  of  the  r -valley 
electrons  is  perturbed  relative  to  the  Fermi  energy  of  the  L-X  valley  elec- 
trons when  the  excitation  pulse  is  present  in  the  sample.  This  relative  per- 
turbation is  rapidly  damped  as  the  two  Fermi  energies  try  to  rapidly  equalize 


I 
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by  means  of  phonon-assisted  intervalley  scattering.  This  rapid  damping 
causes  the  broadening  of  the  plasmon  resonance.  As  a result  of  the  broad- 
ening, the;  plasmon  lifetime  is  short  compared  to  a picosecond.  The  energy 
lost  in  the  decay  of  the  plasma  oscillations  is  rapidly  transferred  to  single 
electron  and  hole  states,  and  ultimately  increases  the  temperature  of  the 
carrier  distribution.  Consequently,  the  end  result  of  plasmon  assisted  re- 
combination is  the  same  as  that  of  Auger  recombination;  it  reduces  the  car- 
rier number  and  raises  the  distribution  temperature.  As  a matter  of  interest, 

21  -3 

a carrier  density  of  10  cm  would  result  in  a plasma  energy  equal  to 

the  band  gaD  energy  E . Tne  effect  of  plasmons  in  early  theoretical  models 

o 

may  have  been  overestimated  because  of  errors  in  early  estimates  of  the 
carrier  density. 

Once  a large  population  of  holes  has  been  created  in  the  valence  band 
(again  by  the  direct  absorption  of  the  excite  pulse) , we  must  consider 
the  importance  of  another  process  that  occurs  only  at  high  carrier  den- 
sities - direct  intervalence-band  absorption.  These  band-to-band  transi- 
tions occur  between  light-  and  heavy-hole  valence  bands  and  the  split-off 
v ilence  band.  While  quantum  selection  rules  forbid  direct  transitions  between 

-V  — ► 

valence  subbands  at  k = 0,  they  are  allowed  at  k / 0.  The  energetically  al- 
lowed direct  intervalence-band  transitions  are  indicated  by  arrows  (process  j) 
in  Fig.  8.  These  transitions  occur  relatively  far  from  the  center  of  the 
Brillouin  zone.  As  a result,  unless  the  hole  concentration  is  large,  the 
intervalence-band  transition  rate  will  be  small  compared  to  that  for  direct 
interband  absorption,  since  both  initial  and  final  states  will  be  occupied. 

The  availability  of  the  final  state  for  absorption  depends  on  both  the  hole 
number  and  temperature.  The  direct  intervalence-band  absorption  coefficient 
in  germanium  for  a lattice  temperature  of  300  K,  a carrier  temperature  of 
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approximately  1800  K,  and  a carrier  number  of  10  cm  has  been  estimated 
to  be  103  cm  Intervalence-band  absorption  does  not  change  the  carrier 
number  but,  like  free-carrier  absorption,  serves  only  to  elevate  the  dis- 
tribution temperature. 

At  high  carrier  densities.  Coulomb-assisted  indirect  transitions  might 
enhance  absorption  as  well.  A Coulomb  assisted  indirect  transition  is  one 
in  which  an  electron  makes  an  indirect  transition  from  the  valence  band  near 
T to  a conduction  band  side  valley  by  the  absorption  of  a light  quanta.  In 
contrast  to  phonon-assisted  indirect  transitions,  here  the  momentum  required  for 
the  virtual  scattering  of  the  electrons  from  central  to  side  valley  is  provided 
by  electron-electron  scattering.  This  process  is  shown  as  process  k of  Fig.  7. 

The  expected  importance  of  this  process  in  our  experiments  is  based  on  obser- 
vations of  enhanced  indirect  absorption  in  heavily  doped  n-type  germanium  by 
38 

Haas.  By  extrapolating  his  results  on  heavily-doped  samples,  we  can  obtain  a 

rather  crude  estimate  of  the  importance  of  this  process  at  our  photon  energies 

and  our  carrier  densities.  His  measurements  suggest  that  at  a wavelength  of 

20  -3 

1.06  pm  and  at  carrier  densities  of  10  cm  , the  Coulomb-assisted  indirect 

3 4-1 

absorption  coefficient  might  be  in  the  range  of  10  - 10  cm  . One  of  the 

problems  associated  with  this  extrapolation  is  the  presence  of  the  large  hole 
densities  in  our  experiments;  these  holes  can  partially  fill  the  initial 
states  required  for  the  transition.  The  effect  of  this  process  is  to  increase 
the  carrier  number.  Since  the  momentum  required  for  the  virtual  transition  is 
provided  by  carrier-carrier  scattering,  this  process  is  sensitive  to  carrier 
density. 

The  diffusion  of  carriers  from  and  within  the  interaction  region  (focused  spot 
size  times  sample  thickness)  will  reduce  the  carrier  density  seen  by  the  probe  pulse. 
Because  of  the  size  of  the  focused  spot  for  the  optical  pulse  (typically  1 - 2 mm 
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in  diameter) , diffusion  transverse  to  the  direction  of  light  propagation  is 
entirely  negligible  on  picosecond  time  scales.  However,  diffusion  of  car- 
riers from  the  region  near  the  surface  of  the  sample  into  the  crystal  bulk 
in  the  direction  of  light  £5ropagation  can  be  significant.  We  term  the  dif- 

fussion  in  the  direction  of  light  propagation  longitudinal.  Under  the  assump- 

20  - 3 

tion  that  the  photogenerated  carriers  (10  cm  ) that  are  created  by  the 

excite  pulse  are  initially  deposited  in  an  exponential  absorption  depth  of 

approximately  1 iim,  the  time  required  for  the  carrier  plasma  layer  to  double 

37 , 39 

its  thickness  has  been  estimated  to  be  75-100  picoseconds.  Consequently, 

longitudinal  diffusion  effects  can  be  significant  in  our  problems. 

One  final  effect  of  the  huge  carrier  densities  deserves  mention  here: 
band-gap  renormalization.  At  high  carrier  concentrations,  exchange  contri- 
butions and  free-carrier  induced  shifts  in  phonon  frequencies  cause  a narrow- 
ing of  the  energy  gap.  Ferry35  has  estimated  this  narrowing  to  be  approxi- 

19 

mately  32  meV  when  the  carrier  density  in  the  central  T -valley  is  2 x 10 

cm  3.  Thus,  we  see  that  all  of  the  processes  and  interactions  discussed 

above  are  complicated  by  the  presence  of  a dynamic  energy-gap  narrowing  as 

the  carrier  densities  evolve  with  time.  Since  this  energy-gap  narrowing  is 

-15  -14 

electronic  in  origin,  we  expect  the  gap  to  instantaneously  (10  to  10  sec) 
reflect  any  change  in  carrier  density. 

This  concludes  our  brief  survey  of  the  basic  physical  processes  that  could 
be  important  in  describing  the  picosecond  optical  response  of  germanium.  The 
key  features  of  this  review  are  summarized  in  Table  I.  This  table  illustrates, 
once  again,  the  large  number  of  processes  that  must  be  considered  if  we  are  to 
describe  the  evolution  of  a large  photogenerated  carrier  distribution  on  a 
picosecond  time  scale.  Although  many  of  these  processes  are  important  in  low 
intensity  experiments  as  well,  their  rates  are  drastically  altered  at  the  high 
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photoexcitation  levels  and  large  carrier  densities  present  here.  Others  (e.g. 
Auger  recombination,  Kane  processes,  plasmon  recombination,  direct  intervalence 
band  absorption,  Coulomb-assisted  indirect  absorption,  and  band-gap  narrowing) 
are  only  significant  at  high  excitation  levels  and  huge  carrier  densities.  In 
the  following  section,  we  present  an  early  model  that  attempts  to  account  for 
the  excite  pulse  transmission  and  probe  pulse  transmission  as  displayed  in 
Fig.  4 and  Fig.  5 in  terms  of  some  of  these  processes. 


IV.  INITIAL  MODELS 


In  Fig.  5,  we  have  presented  a graph  of  the  probe  pulse  transmission 
versus  time  delay  between  the  excite  pulse  at  1.06  pm  and  the  probe  pulse 
at  1 .06  urn  for  a sample  temperature  of  100  K.  As  we  have  already  noted,  this 
curve  exhibits  two  distinct  features.  The  first  is  a narrow  spike  in  probe 
transmission  approximately  two  picoseconds  wide  and  centered  about  zero  delay. 
The  second  is  a gradual  rise  and  fall  in  probe  transmission  lasting  hundreds 
of  picoseconds.  In  this  section,  we  review  early  attempts  to  interpret  this 
data . 


Parametric  Scattering 

The  narrow  spike  in  probe  transmission  (shown  on  an  expanded  scale  in 
^ig.  9)  was  first  observed  by  Kennedy  et^  jrL. ^ and  was  attributed  by  them  to 
a saturation  and  relaxation  of  the  direct  absorption.  Subsequently,  Shank  and 
Auston’*’’*'  observed,  in  addition  to  the  narrow  spike  near  zero  delay,  the  slower 
structure  at  longer  delays.  In  light  of  this  additional  structure,  they  rein- 
terpreted the  narrow  spike  in  probe  transmission  near  zero  delay  as  a parametric 
coupling  between  excite  and  probe  beams  caused  by  an  index  grating  produced  by 
the  interference  of  the  two  beams  in  the  germanium  sample.  In  this  section, 
we  review  the  manner  in  which  parametric  scattering  can  account  for  the  spike 
in  the  probe  transmission. 

In  the  picosecond  excite  and  probe  studies  described  previously,  the  excite 
and  probe  pulses  are  derived  from  a single  pulse  by  means  of  a beam  splitter. 
Consequently,  the  probe  pulse  is  simply  an  attenuated  version  of  the  excite 
pulse.  Near  zero  delay,  the  excite  and  probe  pulses  are  both  spatially  and  tem- 
porally overlapped.  As  a result,  the  interference  of  the  two  beams  will  produce 
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r a modulation  of  the  optically-created  carrier  density  to  form  a grating 

with  spacing  d = A/(2sin  0) , where  A is  the  optical  wavelength  and  0 is 
the  angle  between  each  beam  and  the  sample  normal  as  shown  in  Fig.  10.  The 
grating  is  formed  rapidly  and  will  diffract  both  excitation  and  probe  pulses 
as  shown  in  Fig.  10.  The  first  order  diffracted  beams  for  both  excite  and 
probe  are  shown.  Notice  that  one  of  the  first  order  diffracted  beams  from 
the  excitation  pulse  will  be  scattered  into  the  direction  of  the  probe  pulse 
detector.  Also,  one  of  the  first  order  diffracted  beams  from  the  probe  pulse 
will  be  scattered  into  the  direction  of  the  excite  pulse  detector.  Since  the 
probe  pulse  energy  is  only  a small  fraction  of  the  excite  pulse  energy,  the 
amount  of  light  diffracted  from  the  probe  pulse  into  the  excite  pulse  detec- 
tor is  insignificant.  On  the  other  hand,  a small  fraction  of  the  excite  beam 
scattered  in  the  direction  of  the  probe  detector  can  produce  a signal  on  the 
probe  detector  larger  than  that  produced  by  the  transmitted  probe  pulse. 

The  sharp  increase  (spike)  in  the  signal  observed  on  the  probe  detector 
as  the  two  pulses  are  delayed  with  respect  to  one  another  can  then  be  under- 
stood in  terms  of  this  parametric  scattering  in  the  following  manner.  An  in- 
crease in  probe  detector  signal  will  be  observed  so  long  as  a grating  is  pro- 
duced. Such  a grating  will  be  formed  only  if  the  delay  between  excite  and 
probe  pulses  does  not  exceed  the  coherence  length  of  the  two  pulses.  It  is 
well  known  that  pulses  produced  by  mode-locking  glass  lasers  are  usually  cor- 
related over  a length  less  than  their  optical  pulse  width  because  of  various 
nonlinear  processes  involved  in  pulse  generation.  Consequently,  parametric 
scattering  results  in  an  increase  in  probe  detector  signal  for  time  delays 
less  than  the  optical  pulse  width.  Thus,  the  narrow  spike  in  probe  transmission 
is  not  an  increase  in  sample  transmission  at  all  but  a scattering  of  the  excite 
pulse  into  the  probe  pulse.  As  such,  the  spike  is  merely  a coherent  coupling 


artifact  of  the  measurement  technique. 
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While  recognizing  that  some  parametric  scattering  is  bound  to  occur  dur- 
ing such  measurements.  Ferry ^ has  recently  presented  numerical  studies  that 
account  for  the  spike  in  germanium  transmission  in  terms  of  state  filling  and 
band  gap  narrowing.  If,  indeed,  these  processes  were  responsible  for  the  nar- 
row rise  and  fall  in  probe  transmission,  a careful  study  of  this  structure 

would  yield  information  concerning  carrier  scattering  rates  from  the  optically 
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coupled  states.  Subsequently,  however,  Lindle  et  al.  have  presented  the 
results  of  measurements  that  indicate  that  parametric  scattering  fully  ac- 
counts for  the  observed  spike.  As  a result,  we  ignore  this  spike  in  probe 
detector  response  in  the  remainder  of  our  discussion.  We  caution  the  reader 
at  this  point,  however,  that  band-gap  narrowing  and  state  filling  have  been 
observed  in  other  semiconductor  experiments  involving  optical  excitation,  and 
certainly,  they  must  be  occuring  to  some  degree  here  as  well.  They  simply  do 
not  contribute  to  the  spike  in  a measureable  way. 

Hot  Electron  Relaxation  Model 
22 

Recently,  Elci  et  al.  have  presented  an  initial  first  principles  theore- 
tical treatment  that  attempts  to  account  for  both  the  generation  and  the  sub- 
sequent transient  behavior  of  the  electron-hole  plasmas,  created  in  germanium 
by  the  absorption  of  intense  picosecond  optical  pulses,  in  terms  of  direct  band- 
to-band  absorption,  free-carrier  absorption,  phonon-assisted  intervalley  scat- 
tering, phonon-assisted  carrier  relaxation,  carrier-carrier  collisions,  and 
nonradiative  recombination.  In  these  calculations,  rate  equations  were  obtained 
for  the  parameters  (electron  number,  temperature,  Fermi  energies)  characterizing 
the  electron-hole  distributions,  and  the  rates  for  the  individual  processes 
were  computed  from  perturbation  theory  and  Fermi's  Golden  Rule  to  provide  a 
quantitative  description  of  the  transient  optical  properties  of  germanium. 

(These  calculations  are  presented  in  detail  in  Ref.  22) . Briefly,  this  model 
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(hereafter  referred  to  as  the  ESSM  model)  accounts  for  the  transmission  of  a 
single  optical  pulse  through  a thin  germanium  sample  as  a function  of  incident 
pulse  energy  (Fig.  4)  and  the  transmission  of  a weak  probe  pulse  as  a function 
of  time  delay  after  an  energetic  pulse  (Fig.  5)  in  terms  of  these  processes  in 
the  following  manner.  When  an  excite  pulse  is  incident  on  the  germanium  sample, 
the  unreflected  portion  of  the  pulse  enters  the  sample  where  most  of  it  is  ab- 
sorbed by  direct  transitions,  creating  a large  density  of  electrons  (holes)  in 

the  central  valley  of  the  conduction  (valence)  band.  The  electrons  are  rapidly 
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(<  10  sec)  scattered  to  the  conduction-band  side  valleys  by  long-wave-vector 
phonons.  Carrier-carrier  scattering  events,  which  occur  at  a rate  comparable  to 
the  direct  absorption  rate,  ensure  that  the  carrier  distributions  are  Fermi-like 
and  that  both  electron  and  hole  distributions  have  the  same  temperature,  which 
can  be  different  from  the  lattice  temperature.  Since  the  photon  energy  /fiv  is 
greater  than  either  the  direct  energy  gap  or  the  indirect  gap  EL,  such  a di- 
rect absorption  event  followed  by  phonon-assisted  scattering  of  an  electron  to 
the  side  valleys  results  in  the  photon  giving  an  excess  energy  of^iv  - E to 
thermal  agitation.  This  excess  energy  results  in  an  initial  distribution  tem- 
perature (approximately  1800  K for  a lattice  temperature  of  300  K)  due  to  direct 
absorption  that  is  greater  than  the  lattice  temperature.  Thus,  the  single-pulse 
transmission  (Fig.  4)  would  begin  at  its  Beer's-law  value  and  increase  as  a func- 
tion of  incident  optical  pulse  energy  because  of  the  partial  filling  (depletion) 
of  the  optically  coupled  states  in  the  conduction  (valence)  band  as  a result  of 
band  filling  caused  by  direct  absorption.  Other  processes  such  as  free-carrier 
absorption  and  nonradiative  recombination  events  (i.e.,  Auger  and  plasmon-assisted 
recombination)  can  further  raise  the  carrier  temperature  during  the  passage  of 
the  excite  pulse,  while  phonon-assisted  intravalley  relaxaton  processes  can  re- 
duce the  carrier  temperature. 
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After  the  passage  of  the  excite  pulse,  the  interaction  region  of  the 

19  20  -3 

sample  contains  a large  number  of  carriers  (10  - 10  cm  ) with  a high 

distribution  temperature.  The  final  temperature  is  determined  by  the  number 
of  quanta  in  the  excite  pulse  and  the  relative  strengths  of  the  nonradiative 
recombination  and  the  phonon-assisted  relaxation  rates  as  discussed  by  Latham 
et  al.  ^ As  time  progresses,  the  distribution  will  continue  to  cool  by  phonon- 
assisted  intravalley  relaxation.  Experimentally,  the  probe  pulse  interrogates 
the  evolution  of  the  distribution  after  the  passage  of  the  excite  pulse  and  is 
a sensitive  measure  of  whether  the  optically  coupled  states  are  available  for 
absorption  or  are  occupied.  The  probe  pulse  transmission  versus  time  delay 
(Fig.  5)  can  be  understood  in  the  following  way.  Immediately  after  the  passage 
of  the  excite  pulse,  the  probe  transmission  is  small  since  the  electrons  (holes) 
are  located  high  (low)  in  the  conduction  (valence)  bands  because  of  the  high 
distribution  temperature,  leaving  the  states  that  are  optically  coupled  avail- 
able for  direct  absorption  (Fig.  11) . Later,  as  the  distribution  temperature 
cools  and  carriers  fill  the  states  needed  for  absorption,  the  transmission  in- 
creases. In  short,  the  ESSM  model  attributes  the  slow  rise  in  probe  transmission 
with  delay  to  a cooling  of  the  hot  carrier  distribution  created  by  the  absorption 
of  the  excite  pulse.  The  subsequent  slow  fall  in  probe  transmission  at  much 
longer  delays  is  attributed  to  carrier  recombination,  which  reduces  the  carrier 
density  and  once  again  frees  the  optically  coupled  states  for  absorption,  and 
to  diffusion. 

22 

The  theoretical  fits  from  Elci  et  al.  to  the  single  pulse  transmission 

12 

data  and  probe  pulse  data  of  Smirl  et  al.  are  shown  as  solid  lines  in  Fig.  12 
and  Fig.  13.  Given  the  complexity  of  the  problem,  the  overall  fit  can  be  re- 
garded as  satisfactory.  Nonlinear  transmission  measurements  in  which  the  en- 

41 

ergy  band  gap  of  the  germanium  sample  was  tuned  by  hydrostatic  pressure  have 
been  accounted  for  by  this  model  as  well. 
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Despite  the  apparent  successes  of  this  model,  some  basic  questions  re- 
main concerning  the  roles  of  the  various  physical  processes  in  determining 

the  saturation  and  temporal  evolution  of  the  optical  transmission  of  thin 

22 

germanium  samples  under  intense  optical  excitations.  Elci  et  al^.  noted 
that  their  calculations  contained  serious  assumptions  that  warranted  further 
theoretical  and  experimental  investigation.  The  major  assumptions  were  the 
following:  (i)  The  carrier-carrier  collision  rate  was  assumed  to  be  high 

enough  to  justify  taking  the  carrier  distributions  to  be  Fermi-Dirac.  Ferry 3 ^ 
has  recently  reexamined  this  approximation  by  calculating  the  time  and  energy 
dependence  of  the  distribution  function  at  the  high  carrier  photogeneration 
rates  encountered  here.  He  concludes  that  on  a time  scale  of  tens  of  pico- 
seconds the  distribution  function  does  indeed  approximate  a Fermi  distribution; 
however,  on  shorter  time  scales  it  contains  a 6-function-like  spike  located  at 
the  optically  coupled  states.  Thus,  for  purposes  of  calculating  the  probe- 
pulse  transmission,  one  may  reasonably  assume  the  distribution  is  Fermi-like 
(ii)  Carrier  Fermi  energies  and  temperatures  were  taken  to  depend  only  on  time, 
rather  than  on  both  space  and  time,  thus  ignoring  the  pulse-propagation  and 
carrier-diffusion  problems  within  the  optical  interaction  region  of  the  sample. 
Therefore,  parameters  describing  the  electron-hole  plasma,  such  as  the  electron 
number,  must  be  viewed  as  spatial  averages  throughout  the  sample  volume,  (iii) 

To  simplify  the  calculations,  the  actual  germanium  energy  band  structure  was 
replaced  with  a highly  idealized  parabolic  band  structure  having  two  degenerate 
valence  bands  and  a conduction  band  with  a direct  valley  and  10  equivalent  side 

valleys.  The  split-off  band  was  totally  ignored. 

22 

Elci  et  al^.  also  noted  at  the  outset  that  their  work  contained  only  a few 
of  the  many  possible  electronic  processes.  Recent  studies35’37'4^'43'  indicate 


114 


P> 


that  processes  other  than  those  named  above  may  be  important.  Most  of  these 

effects,  such  as  band-gap  narrowing,35  intervalence-band  absorption,37'42 

43  42 

Auger  recombination  and  Coulomb-assisted  indirect  absorption,  are  only 

observed  at  large  carrier  densities.  The  possible  importance  of  including 
these  processes  in  any  interpretation  of  the  rise  in  probe  transmission  will 
be  examined  in  Seminar  S4  to  follow. 

In  the  previous  two  paragraphs,  we  have  outlined  the  assumptions  and 
omissions  of  the  initial  hot-electron  model;  however,  there  is  another  pro- 
blem associated  with  the  original  calculations  that  is  of  importance  to  the 
present  work.  The  physical  constants  for  germanium,  specifically  the  elec- 
tron-phonon coupling  constants,  are  not  well-known  enough  to  allow  a precise 

20 

calculation  of  the  energy  relaxation  rate.  Latham  jst  al.  have  previously 

discussed  this  point  in  detail.  For  the  theoretical  fits  shown  in  Fig.  13, 

-4  -1 

the  electron-phonon  coupling  constants  are  chosen  as  6 x 10  erg  cm  for 

-4  -1 

a lattice  temperature  of  297  K and  2 x 10  erg  cm  at  100  K.  These  values 

are  within  the  range  of  the  accepted  theoretically  and  experimentally  deter- 

20 

mined  values  listed  by  Latham  et  al_.  ; however,  they  are  much  lower  than  the 

-3  -1 

mean  value  of  1 x 10  erg  cm  as  obtained  from  an  average  of  the  eight  values 
listed.  Since  the  carrier  cooling  rate  is  proportional  to  the  square  of  the 
electron-phonon  coupling  constant,  the  fitted  values  result  in  carrier  cooling 
rates  that  are  3 and  25  times  slower  than  that  obtained  by  using  the  average 
value. 

The  ESSM  model  was  the  first  comprehensive  theoretical  model  to  attempt 
to  account  for  the  ultrafast  response  of  optically-excited  semiconductors. 
Because  of  the  large  number  of  processes  that  actually  occur,  the  approxima- 
tions taken  to  simplify  the  mathematics,  and  the  uncertainties  in  the  magni- 


tudes of  certain  physical  constants,  the  theory  is,  unavoidably,  rather  incomplete 
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r as  it  was  first  presented  and  as  we  have  reviewed  it  here.  We  have  chosen 

to  present  the  model  in  its  early  form  primarly  for  tutorial  purposes.  In 
spite  of  its  limitations,  the  theory  does  represent  a first  step  toward  an 
understanding  of  a very  complicated  problem.  It  provides  both  a historical 
perspective  and  a solid  base  for  further  developments.  In  addition,  it  is 

a model  that  is  still  evolving.  In  fact,  in  Seminar  S4  of  this  ASI,  we 

shall  review  experimental  studies  that  provide  evidence  that  processes 
other  than  those  originally  included  in  the  model  are  important  and  that 
indicate  that  certain  approximations  of  the  original  ESSM  model  must  be 
removed.  We  shall  then  describe  recent  attempts  to  modify  the  model  to 
accomodate  these  findings.  We  shall  find  that  these  refinements  signifi- 
cantly alter  our  interpretation  of  the  slow  rise  in  probe  transmission  as 
shown  in  Fig.  5 and  Fig.  13.  In  this  seminar,  we  shall  also  discuss  alter- 
native models.  The  interpretation  of  the  rise  in  probe  transmission  is  still 

a matter  of  active  debate. 
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^ V.  CONCLUSION 

In  this  lecture,  in  an  attempt  to  provide  the  reader  with  an  introduc- 
tion to  the  physics  of  ultrafast  carrier  relaxation  processes  in  semicon- 
ductors, we  have  discussed  an  early  excite  and  probe  experiment  in  german- 
ium, enumerated  the  processes  that  could  occur  during  such  studies,  and 
presented  an  early  interpretation  of  these  experiments.  Throughout,  we 
have  tried  to  emphasize  the  ultrashort  time  scales  and  high  carrier  densi- 
ties involved  in  these  recent  studies.  It  is  evident  from  our  discussions 
here  that  these  picosecond  excite  and  probe  studies  can  yield  direct  measure- 
ments of  ultrafast  carrier  relaxation  processes  that  were  heretofore  inacces- 
sable.  It  is  equally  clear,  however,  that  as  experimentors  we  must  be  more 
clever  in  designing  our  experimental  configuration  if  we  hope  to  unambigu- 
ously extract  these  rates.  We  must  choose  our  experimental  technique  so  as  to 
isolate  the  effect  of  a single  process.  In  the  experiments  that  we  discribed 
in  this  lecture,  almost  every  imaginable  process  was  active.  The  large  num- 
ber of  active  processes  makes  these  experiments  attractive  for  tutorial  pur- 
poses, but  it  ensures  that  the  interpretation  of  the  data  will  be  a nightmare. 
We  will  review  some  more  recent  attempts  to  isolate  the  rates  of  single  pro- 
cesses in  Seminar  S4  of  this  ASI . 

This  work  was  supported  by  the  Office  of  Naval  Research  and  the  North 
Texas  State  University  Faculty  Research  Fund. 
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Figure  1.  Direct  optical  transitions  in  a semiconductor. 

Figure  2.  Experimental  technique  for  measuring  ultrafast  relaxation 
times  in  semiconductors. 


Figure  3.  Block  diagram  of  the  experimental  configuration  for  excite 
and  probe  measurements  at  1.06  pm,  where  MLL  denotes  the 
mode-locked  laser,  EOS  the  electro-optical  switch,  A the 
laser  amplifier,  M a mirror,  D a detector,  LI  and  L2  lens, 
and  S the  germanium  sample. 

Figure  4.  Change  in  transmission  of  a 6 pm-thick  germanium  sample  as 

a function  of  incilent  excite  pulse  energy  at  1.06  pm.  Note 
a pulse  energy  of  2 x 10 15  quanta  corresponds  to  a surface 
irradiance  of  approximately  10-2  J/cm2. 

Figure  5.  Probe  pulse  transmission  vs  delay  between  the  excite  pulse 
at  1.06  pm  and  the  probe  pulse  at  1.06  pm  for  a sample  tem- 
perature of  100  K.  The  data  are  plotted  as  the  normalized 
ratio  of  probe  pulse  transmission  to  excite  pulse  transmission, 
Tp/T£,  in  arbitrary  units.  The  error  bar  represents  twice  the 
typical  statistical  standard  deviation. 

Figure  6.  Approximate  germanium  band  structure  at  300  K. 

Figure  7.  Schematic  representation  of  (a)  direct  interband  absorption, 

(b)  phonon-assisted  indirect  absorption,  (c)  long-wavevector 
phonon-assisted  intervalley  electron  scattering,  (d)  electron- 
electron  scattering,  (e)  phonon-assisted  intravalley  electron 
relaxation,  and  (k)  Coulomb-assisted  indirect  absorption  pro- 
cesses in  germanium. 

Figure  8.  Schematic  representation  of  (f)  free  carrier  absorption,  (g) 

radiative  recombination,  (h)  Auger  recombination,  (i)  plasmon- 
assisted  recombination,  and  (j)  direct  intervalence-band  ab- 
sorption processes  in  germanium. 

Figure  9.  Normalized  response  of  the  probe  detector,  in  aribtrary  units, 
vs.  time  delay  between  the  excite  pulse  at  1.06  ym  and  the 
probe  pulse  at  1.06  urn. 

Figure  10.  Geometry  for  the  diffraction  of  excite  and  probe  beams  by  a 
laser-induced  grating,  where  e denotes  the  incident  excite 
pulse,  p the  incident  probe  pulse,  et  the  transmitted  excite 
pulse,  pt  the  transmitted  probe  pulse,  e,  a first  order  dif- 
fracted excite  beam,  p^  a first  order  diffracted  probe  beam, 
and  sin  $ = 3 sin  0.  Solid  lines  represent  transmitted  beams 
and  broken  lines  diffracted  beams. 
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Figure  11.  Schematic  diagram  for  the  temporal  evolution  (cooling)  of  the 
carrier  distribution  created  by  the  absorption  of  the  excite 
pulse.  The  solid  curve  represents  the  density  of  states  at 
an  energy  E,  and  the  broken  curve  the  distribution  function. 

The  height  of  the  cross  hatched  region  (density  of  states  times 
distribution  function)  is  proportional  to  the  number  of  carriers 
between  E and  E + AE.  The  area  under  the  cross  hatched  curve  is 
proportional  to  the  carrier  number  (approximately  constant  here) . 

T^  and  t^  represent  the  distribution  temperature  and  time  immedi- 
ately after  excitation. 

Figure  12.  Transmission  of  a 5 . 2-ym-thick  germanium  sample  as  a function 
of  incident  excite  pulse  energy  at  1.06  urn  for  sample  tempera- 
tures of  100  and  297  K.  The  solid  lines  are  theoretical  curves 
fran  Elci  et  al_.  (Ref.  22)  and  the  data  are  from  Smirl  et  al. 

(Ref.  12)  . Note  that  the  focused  spot  size  for  the  optical  beam 
was  roughly  a factor  of  10  smaller  than  for  measurements  depicted 
in  Fig.  4. 

Figure  13.  Probe  pulse  transmission  vs.  delay  between  the  excite  pulse  at 
1.06  uni  and  the  probe  pulse  at  1.06  ym  for  sample  temperatures 
of  100  and  297  K.  The  data  are  plotted  as  the  normalized  ratio 
of  probe  pulse  transmission  to  excite  pulse  transmission,  Tp/TE, 
in  arbitrary  units.  The  solid  lines  are  theoretical  curves  from 
Elci  et  al.  (Ref.  22)  and  the  data  are  from  Smirl  et  al.  (Ref.  12) . 


122 


TABLE  I.  Fundamental  Processes 


Process 

a.  Direct  Interband 
absorption 

b.  Phonon-assisted 
indirect  absorption 

c.  Phonon-assisted 
intervalley  scattering 

d.  Carrier-carrier 
scattering 

e.  Phonon-assisted  intra- 
valley relaxation 

f.  Free-carrier  absorption 

g.  Radiative  recombination 

h.  Auger  recombination* 


Kane  process 

i.  Plasmon-assisted 
recombination* 

j.  Direct  intervalence 
band  absorption* 

k.  Coulomb-assisted 
indirect  absorption* 

Diffusion 

Band-gap  narrowing 


Function 

generates  carriers  with  ex- 
cess energy  A*  =*0.5  eV 

increases  carrier  density 

populates  side  valleys 

thermalizes  carriers 

cools  carriers,  creates 
"hot"  phonon  distribution 

heats  carriers 

reduces  carrier  density 

reduces  carrier  density , 
heats  carriers 

increases  carrier  density 

reduces  carrier  number, 
heats  carriers 

heats  carriers 

increases  carrier  number 

decreases  carrier  density 
decreases  band  gap 


Characteristic  Constants 
4 -1 

a = 1 . 4 x 10  cm 
o 

ajD  * 3. 5 x lO^cm  * 


scattering  rate/state 
*10^sec“^ 

scattering  rate'*’ 

>1014sec-1 

phonon  emission  rate/carrier 
~10l2sec-l 

+ . 3 -1 

aFCA2  3 x 10  - 3 x 10  cm 

9 -1 

recombination  rate  '10  sec 
recombination  rate * <10^see 

pair  creation  rate#  <108sec 
recombination  rate*  <10^sec 


+# 

*IB 


CID 


'lO^crn  * 

3 4 

'10°  - 10  cm 


-1 


diffusion  rate  *1  ym/lOOpsec 
<32  meV* 


All  values  are  estimated  for  carrier  densities  of  -10  cm  and  carrier  temperatures 
of  *1800  K 


•Important  only  at  high  carrier  densities 
^Strongly  dependent  on  carrier  concentration 
♦Strongly  dependent  on  carrier  temperature 


VALENCE  BAND 


EXCITE  PULSE 


DETECTOR 


W 1.06 


INCIDENT  QUANTA  IN  EXCITATION  PULSE 


TIME  DELAY  |psecj 


ENERGY 


TIME:  t ] >t 1 

TEMPERATURE:  T1  <T, 


TIME  DELAY  (psec) 
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APPENDIX  D 

HIGH  INTENSITY  PICOSECOND 
PHOTOEXCITATION  OF  SEMICONDUCTORS 


ABSTRACT 


Recently,  studies  of  the  optical  properties  of  high-density  electron- 
hole  plasmas  generated  ir.  germanium  by  intense,  ultrashort  pulses  from 
mode- locked  lasers  have  provided  direct  information  concerning  ultrafast 
electronic  processes.  As  a rule,  the  experimental  investigators  have  used 
a variation  of  the  excite  and  probe  technique.  Here,  the  sample  is  first 
irradiated  with  an  intense  optical  pulse  (excite  pulse)  that  causes  a 
change  in  the  transmission  or  reflection  properties  of  the  semiconductors. 
This  initial  pulse  is  followed,  at  various  time  delays,  by  a weak  probe 
pulse  that  measures  the  change  in  the  transmission  or  reflectivity  of  the 
semiconductor  as  it  returns  to  its  equilibrium  condition.  We  shall  review 
picosecond  time-resolved  measurements  of  the  optically  induced  changes  in 
the  transmission  and  reflection  spectrum  of  Ge.  These  experiments  have 
directly  monitored  diffusion.  Auger  recombination,  and  intervalence  band 
absorption  on  a picosecond  time  scale. 


i 
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I . INTRODUCTION 


In  the  past  half  decade,  studies  of  the  optical  properties  of  high- 
density  electron-hole  plasmas  generated  in  undoped  semiconductors  by  the 
direct  absorption  of  intense,  ultrashort  pulses  from  mode-locked  lasers 

1-22 

have  provided  direct  information  concerning  ultrafast  electronic  processes. 
Generally,  early  experimental  studies  in  this  area  employed  mode-locked  pulses 
from  a Nd-glass  laser  as  an  excitation  source  to  generate  the  electron-hole 
plasma.  This  source  produces  optical  pulses  that  are  approximately  10  psec 

g 

in  duration  and  that  often  have  peak  powers  in  excess  of  10  watts  at  a wave- 
length of  1.06  urn.  These  pulses  when  focused  on  the  surface  of  a thin  semi- 

-2  2 

conductor  sample  can  produce  a measured  irradiance  of  10  J/cm  . Direct 

absorption  of  such  an  optical  pulse  can  create  carrier  densities  of  approx- 
20  -3 

imately  10  cm  . Germanium  was  chosen  as  a candidate  for  study  in  many  of 
these  early  investigations  primarily  because  it  is  a readily-available  well- 
characterized  semiconductor  whose  bandgap  energy  is  comparable  to  but  less 
than  the  energy  of  a photon  at  a wavelength  of  1.06  ym  (1.17  eV)  . 

As  a rule,  in  such  studies,  investigators  have  used  a variation  of  the 
excite  and  probe  technique.  Here,  the  semiconductor  sample  is  first  irradiated 
with  an  intense  optical  pulse  (excite  pulse)  that  causes  a change  in  the  trans- 
mission or  reflection  properties  of  the  germanium.  This  initial  pulse  is 
followed,  at  some  later  time,  by  a weak  pulse  (probe  pulse)  that  monitors 
the  change  in  transmission  or  reflectivity  of  the  germanium  as  it  returns  to 
its  equilibrium  condition.  (A  more  detailed  description  of  this  measurement 
technique  is  contained  in  lecture  L14  of  this  ASI) . There  are  any  number  of 
variations  on  this  technique;  some  of  these  will  be  discussed  in  this  seminar. 
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difficulties  can  be  attributed  to  the  statistical,  nonlinear  evolution  of 
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the  optical  pulse  within  the  Nd-glass  laser  cavity.  Typically,  this  laser 
produces  a mode-locked  train  of  10  - 50  optical  pulses  in  a single  firing; 

l 

however,  the  pulses  vary  in  energy  and  in  duration  from  the  first  pulse  to 
the  last.  Moreover,  the  pulse  train  envelope  usually  varies  from  one  laser 
firing  to  the  next.  This  irreproducible  and  random  nature  of  the  pulse  evolu- 
tion within  the  laser  cavity  precludes  the  continued  selection  of  identical 
excite  pulses.  In  addition  to  the  uncertainty  in  pulse  energy  and  width  from 
data  point  to  data  point,  the  transverse  mode  structure  of  the  laser  is  also 
of  questionable  spatial  quality.  Deviations  of  the  transverse  mode  structure 
from  the  TEMqq  mode  lead  to  "hot"  spots  on  the  surface  of  the  semiconductor 
sample  when  the  pulse  is  focused.  Variations  in  the  positions  of  these  "hot" 
spots,  caused  by  irreproducible  day  to  day  alignment  or  change  in  laser  mode 
structure,  will  result  in  variations  in  the  degree  and  quality  of  overlap  be- 
tween the  excite  and  probe  beams.  Keep  in  mind,  as  well,  that  one  is  trying 
to  maintain  spatial  overlap  of  the  excite  and  probe  pulses  on  the  sample  surface 
(each  focused  to  a diameter  of  a millimeter  or  less)  and  that  one  is  often  ir- 
radiating the  sample  surface  with  optical  intensities  close  to  the  damage  thres- 
hold. Another  frustration  is  the  low  repetition  rate  of  Nd-glass  laser  systems: 
typically  less  than  10  firings  per  minute.  Furthermore,  if  a probe  wavelength 
different  from  1.06  pm  is  desired,  then  it  must  be  generated  by  some  nonlinear 
process  such  as  frequency  doubling,  tripling,  or  stimulated  Raman  scattering. 

Thus,  data  acquisition  can  be  a tedious  and  exasperating  procedure. 
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Because  of  the  huge  carrier  densities  generated  and  the  complex  nature 
of  the  germanium  band  structure,  interpretation  of  these  experiments  has  been 


difficult  as  well.  By  its  very  nature  (as  we  have  seen  in  L14) , the  problem 
is  a complex  many-body  problem,  involving  the  simultaneous  interaction  of 
many  processes.  As  a result  of  these  experimental  and  theoretical  problems 
(and  others  not  discussed) , progress  in  this  field  has  been  painstaking  and 
tedious.  None-the-less , progress  has  been,  and  is  being,  slowly  and  steadily 
achieved. 

In  lecture  L14  of  this  ASI,  we  have  provided  the  reader  with  an  intro- 
duction to  the  physics  of  ultrafast  relaxation  processes  in  semiconductors. 
There,  we  discussed  one  of  the  early  excite  and  probe  experiments  in  germanium, 
we  enumerated  and  discussed  the  important  physical  processes  that  could  occur 
during  such  studies  on  picosecond  time  scales  and  at  high  carrier  densities, 
and  we  presented  an  early  interpretation  of  this  experiment.  We  assume  that  the 
reader  is  familiar  with  that  material. 

In  this  seminar,  we  provide  a semi-chronological  account  of  our  progress 
in  understanding  the  temporal  evolution  of  photogenerated  electron-hole  plas- 
mas in  germanium  on  a picosecond  time  scale.  We  believe  such  a review  will  be 
useful  in  providing  insight  into  why  certain  investigations  were  undertaken 
and  in  providing  a prospective  of  our  progress  in  this  area.  It  also  allows 
us,  in  light  of  more  recent  studies,  to  make  a few  arbitrary  comments  concern- 
ing some  of  the  earlier  work.  Throughout,  we  shall  again  (as  in  our  previous 
lecture)  emphasize  the  recent  excite  and  probe  studies  in  germanium.  The  re- 
mainder of  this  seminar  is  organized  as  follows.  In  Sec.  II,  we  review  exper- 
iments in  which  picosecond  optical  pulses  are  used  to  measure  the  saturation 
and  the  decay  of  the  optical  absorption  of  germanium  at  1.06  vim.  We  then,  in 
Sec.  Ill,  describe  investigations  that  attempt  to  isolate  and  measure  the  ef- 
fects of  diffusion.  Auger  recombination,  free  carrier  absorption,  intervalence 
band  absorption,  and  Coulomb-assisted  indirect  absorption.  In  the  next  section 


(Sec.  IV) , we  discuss  the  possible  contributions  of  hot  phonon  distributions 
to  the  picosecond  optical  response  of  germanium,  and,  in  Sec.  V,  we  outline 
a recent  modification  of  the  original  ESSM  model  (discussed  in  L14)  that  in- 
cludes Auger  recombination  and  intervalence  band  absorption,  as  well  as  ac- 
counting for  spatially  inhomogeneous  effects  such  as  diffusion.  Finally,  in 
Sec.  VI,  we  make  some  concluding  remarks  concerning  the  present  status  of  our 
understanding  of  picosecond  optical  interactions  in  germanium  and  concerning 


remaining  problems. 


II.  DYNAMIC  SATURATION  OF  THE  OPTICAL  ABSORPTION 


The  direct  absorption  of  a quantum  of  light  of  energy  greater  than  the 
direct  bandgap  energy  in  germanium  induces  an  electron  to  make  a transition 
from  the  valence  band  to  a state  high  in  the  conduction  band,  leaving  behind 
a hole  in  the  valence  band.  If  a large  enough  number  of  such  electron-hole 
pairs  can  be  created  on  a short  enough  time  scale,  we  can  partially  fill  the 
states  that  are  resonant  with  the  optical  transition  , and  the  transmission 
of  the  germanium  should  be  enhanced.  As  we  discussed  earlier  in  lecture  L14, 
the  narrow  set  of  optically-coupled  states  that  are  resonant  with  the  approx- 
imately monochromatic  light  from  a mode-locked  laser  can  be  partially  filled 
or  saturated  in  two  ways.  If  the  optical  generation  rate  into  the  optically- 
coupled  states  exceeds  the  scattering  rate  out,  the  states  will  be  partially 
filled  and  the  transmission  of  the  germanium  will  increase.  This  process  is 
known  as  state-filling.  A condition  of  increased  transparency  will  also  be 
observed  if  the  optical  pulse  generates  enough  electron-hole  pairs  to  fill 
all  of  the  states  in  either  the  valence  or  conduction  band  up  to  and  including 
those  required  for  the  direct  optical  transition  - a process  called  band  fil- 
ling. In  this  section,  we  review  the  techniques  and  results  of  experiments 
that  measure  the  degree  and  duration  of  this  bleaching  of  the  optical  transmis- 
sion of  germanium  on  a picosecond  time  scale. 

The  first  observations  of  a saturation  of  the  germanium  transmission  were 

1 

reported  by  Kennedy  et  al.  They  observed  a decrease  in  the  absorption  of  1.06 
pm  picosecond  pulses  in  thin  germanium  wafers  at  high  optical  intensities.  They 
performed  two  experiments.  In  the  first,  they  irradiated  an  8 pm-thick  single 
crystal  germanium  sample  with  picosecond  pulses  of  varying  intensity  at  1.06  pm, 
and  they  measured  the  transmission  of  each  pulse.  A plot  of  germanium  transmission 
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versus  incident  optical  pulse  energy  (Fig.  1)  showed  that  the  germanium  trans- 
mission was  bleached  or  enhanced  by  a factor  of  approximatley  20  over  its 
linear  value  at  low  intensities.  Second,  these  authors  employed  the  excite 
and  probe  technique  in  an  attempt  to  measure  the  decay  of  this  enhanced  trans- 
mission in  the  following  manner.  They  irradiated  the  sample  with  an  excite 
pulse  intense  enough  to  bleach  the  sample  transmission  by  a factor  of  approx- 
imately 20.  This  excite  pulse  was  then  followed,  at  some  later  time,  by  a 
probe  pulse  that  monitored  the  decay  of  the  enhanced  transmission.  The  authors 
observed  (Fig.  2)  a narrow  spike  in  the  probe  transmission  located  near  zero 
delay.  The  width  of  the  spike  was  approximately  2 psec.  No  further  structure 
in  probe  transmission  was  seen  at  this  time  due  to  problems  related  to  experi- 
mental configuration  and  laser  performance.  Further  structure  would  later  be 
reported  by  Shank  and  Auston^  and  Smirl  et  aJL.  as  we  shall  discuss.  In  the 
absence  of  further  structure,  however,  the  authors  erroneously  interpreted 
this  narrow  spike  near  zero  delay  as  evidence  of  an  intraband  relaxation  time 
for  hot  electrons  of  less  than  5 psec. 

Shank  and  Auston^  repeated  the  1.06  ym  excite  and  1.06  pm  probe  measure- 
ments of  Kennedy  et  al.^  In  addition  to  the  narrow  spike  in  the  probe  trans- 
mission near  zero  delay,  the  measurements  revealed  a slower,  broader  structure 
in  the  probe  transmission  (Fig.  3) . The  probe  transmission  exhibited  a slow 
rise  lasting  approximately  20  to  30  psec  followed  by  a gradual  decrease  lasting 
hundreds  of  psec.  In  view  of  this  additional  structure,  Shank  and  Auston  rein- 
terpreted the  narrow  spike  in  probe  transmission  near  zero  delay  as  a parametric 
scattering  of  the  strong  excite  beam  into  the  direction  of  the  probe  beam  by 
an  index  grating  produced  by  the  interference  of  the  two  beams  in  the  germanium 
sampLe  (for  details,  see  L14) . In  addition,  they  attributed  the  slower  rise 
in  probe  transmission  to  band-filling.  That  is,  they  attributed  it  to  a filling 
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of  conduction  (valence)  band  states  by  electrons  (holes)  to  the  point  where 
the  electron  (hole)  Fermi  energy  approached  the  optically  coupled  states.  As 
a result,  the  buildup  of  this  effect  should  be  proportional  to  the  total  num- 
ber of  carriers  created,  i.e.  it  should  follow  the  integrated  optical  pulse 
energy.  Notice  that  this  interpretation  does  not  involve  hot  electron  effects. 
According  to  this  interpretation,  the  correlation  spike  and  rise  in  probe  trans- 
mission contain  little  physics.  They  are  merely  artifacts  of  the  measurement 
techniques:  one  being  a correlation  between  the  excite  pulse  and  probe  pulse, 
and  the  other,  the  integral  of  the  intensity  correlation  function.  These  con- 
clusions were  based  on  observations  performed  only  at  room  temperature. 

Later,  Smirl  et  a_l. 3 independently  extended  the  1.06  ym  excite  and  probe 
measurements  of  Kennedy  et_  al_.  ^ to  include  probe  structure  at  longer  delays. 

In  addition,  they  determined  the  dependence  of  the  excite  and  probe  measure- 
ments on  sample  temperature  and  excite  pulse  energy  levels.  Specifically,  the 
nonlinear  germanium  transmission  was  measured  as  a function  of  incident  optical 
pulse  energy  at  sample  temperatures  of  105  K and  297  K (Fig.  4).  In  addition, 
the  normalized  transmission  of  the  probe  pulse  as  a function  of  time  delay  after 
an  excite  pulse  was  measured  for  the  same  two  temperatures  (Fig.  5)  and  for 
three  different  excite  pulse  energy  levels  (not  shown) . The  temperature  de- 
pendence cf  the  probe  transmission  measurements  contained  surprising  new  infor- 
mation: the  rise  in  probe  transmission  at  100  K was  too  slow  (-100  pse”)  to  be 
attributed  to  an  integration  effect  (i.e.  it  did  not  appear  to  follow  the  in- 
tegral optical  energy  of  the  excite  pulse) . The  authors  suggested  that  this 
slow  rise  in  probe  transmission  might  be  attributed  to  a cooling  of  the  enerqetic 
electrons  (holes)  created  in  the  conduction  (valence)  band  by  the  direct  absorp- 
tion of  the  excite  pulse.  Thus,  the  rise  in  probe  transmission  was  taken  to  be 
an  indication  of  the  carrier  energy  relaxation  time. 
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At  this  point,  Elci  ot  al.  presented  the  first  detailed  theoretical 
treatment  of  these  problems.  Their  model  (hereafter  referred  to  as  the  ESSM 
model)  attempts  to  account  for  the  nonlinear  transmission  and  the  excite  and 
probe  response  of  germanium  in  terms  of:  (1)  direct  band-to-band  absorption, 

(2)  free-carrier  absorption,  (3)  long  wavevector  phonon-assisted  intervalley 
carrier  scattering,  (4)  phonon-assisted  carrier  relaxation,  (5)  carrier-carrier 
Coulomb  collisions,  and  (6)  plasmon-assisted  recombination.  We  have  presented 
a detailed  overview  of  the  ESSM  model  in  L14,  we  will  not  repeat  those  discus- 
sions here.  However,  in  short,  the  authors  attributed  the  rise  in  the  probe 
transmission  with  the  delay  after  an  intense  excite  pulse  to  a cooling  of  the 
hot  electron-hole  plasma  created  by  the  absorption  of  the  excite  pulse.  The 
results  of  these  calculations  are  presented  as  solid  lines  in  Fig.  4 and  Fig.  5; 
as  we  have  stated,  the  theoretical  fit  to  the  nonlinear  transmission  data  and 


the  probe  transmission  data  can  be  regarded  as  satisfactory,  given  the  complexity 

0 

of  the  problem.  Slabs equently,  van  Driel  et  ad.  conducted  further  nonlinear 

transmission  studies,  in  which  the  energy  band  gap  of  the  germanium  sample  was 

tuned  by  hydrostatic  pressure,  that  seemed  to  corroborate  the  proposed  model. 

One  of  the  interesting  features  of  the  ESSM  model  was  that  it  predicted 

that  the  nonlinear  transmission  of  the  thin  germanium  sample  should  depend  on 

7 

the  width  of  the  optical  pulses.  In  fact,  Elci  et_  a^L.  had  suggested  that,  as 

a test  for  their  model,  the  transmission  of  the  germanium  be  measured  as  a 

function  of  incident  optical  pulse  energy  for  pulses  of  various  widths.  In- 

9 

itial  measurements  by  Bessey  et  jtL.  were  found  to  differ  substantially  from 
the  predictions  of  the  ESSM  model.  This  was  the  first  disagreement  between 
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the  differences  between  model  and  experiment  could  be  attributed  to  assump- 

r 

tions  made  in  the  calculations,  experimental  uncertainties  in  the  physical 
constants  used  in  the  calculations,  or  the  limited  number  of  physical  pro- 
cesses included  in  the  model.  The  results  of  these  studies  indicated  that, 
due  to  uncertainties  in  the  optical  phonon-electron  coupling  constant  in  ger- 
manium, the  optical  pulsewidth  experiments  did  not  provide  a definitive  test 
of  the  ESSM  model.  This  investigation  of  the  uncertainties  in  the  known 
values  of  the  physical  coupling  constants  produced  an  important  and  a dis- 
quieting result:  accepted  values  of  the  optical  phonon-electron  coupling 

-4  -1  -4  -1 

constant  ranged  from  6.4  x 10  erg-cm  to  18.5  x 10  erg-cm  . An  aver- 

age of  the  eight  values  listed  by  Latham  et  al.W  is  1 x 10  3 erg-cm  \ Elci 

7 -4  -1 

et  al.  had  originally  used  constants  of  6 x 10  erg-cm  at  a lattice  tempera- 

-4  -1 

ture  of  297  K and  2 x 10  erg-cm  at  100  K.  These  values  result  in  carrier 
cooling  rates  that  are  3 and  25  times  slower  than  that  obtained  by  using  the 
average  value.  In  fact,  if  the  average  value  for  the  optical  phonon-electron 
coupling  constant  is  substituted  into  the  ESSM  model,  the  energy  relaxation 
rate  for  the  hot  carriers  is  too  rapid  to  account  for  the  rise  in  probe  trans- 
mission. The  theoretical  probe  transmission  is  plotted  as  a function  of  time 
delay  for  several  values  of  optical  phonon-electron  coupling  constant  in  Fig.  6. 
Consequently,  the  rise  in  probe  transmission  with  delay  time  after  excitation 
can,  or  can  not,  be  accounted  for  by  carrier  cooling,  depending  on  the  value 
chosen  for  the  coupling  constant.  As  we  shall  discuss  later,  the  cooling  rate 
for  the  photogenerated  hot  carriers  can  be  further  complicated  by  hot  phonon 
effects . 

In  view  of  the  experimental  uncertainties  in  key  physical  constants  used 
in  the  original  ESSM  calculations  (as  discussed  above) , the  magnitude  of  the 


energy  relaxation  rate  and  the  origin  of  the  rise  of  the  probe  transmission  are 


in  doubt.  These,  however,  were  not  the  only  indications  that  the  model  was 
incomplete.  Other  problems  were  related  to  certain  major  assumptions  made 
in  performing  the  calculations  and  to  the  limited  number  of  physical  pro- 
cesses included.  We  shall  review  these  complications  in  the  following  sec- 
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**  III.  HIGH  PHOTOGENERATED  CARRIER  DENSITIES 

Studies  to  be  discussed  in  this  section  indicate  that  processes  other 
than  those  included  in  the  original  ESSM  model  can  be  important.  Most 
of  these  effects,  such  as  intervalence-band  absorption,  Auger  recombination, 
and  Coulomb-assisted  indirect  absorption,  are  only  significant  at  large  car- 
rier densities.  Other  processes,  such  as  diffusion,  are  enhanced  at  high 
carrier  densities.  The  possible  importance  of  including  these  processes  in 
any  theoretical  model  is  discussed  in  this  section.  Previously,  most  infor- 
mation concerning  these  high-density  phenomena  has  been  obtained  from  measure- 
ments on  highly-doped  samples,  in  the  presence  of  large  donor  and/or  acceptor 
concentrations.  One  advantage  of  intense,  picosecond  excitation  is  the  oppor- 
tunity to  study  these  processes  in  the  absence  of  impurity  effects. 

Diffusion 

One  of  the  more  drastic  assumptions  of  the  ESSM  model  was  that  the  para- 
meters that  characterize  the  electron  and  hole  distributions  (i.e.  Fermi  ener- 
gies, temperatures,  and  carrier  densities)  were  taken  to  depend  only  on  time, 

rather  than  on  both  space  and  time.  The  linear  absorption  coefficient  a for 

4 -1 

germanium  at  1.06  um  is  approximately  1.4  x 10  cm  . Consequently,  most  of 
the  excite  pulse  will  be  absorbed  within  a micron  (~l/a0)  of  the  sample  sur- 
face, creating  a dense  photogenerated  electron-hole  plasma  localized  to  this 
region.  Thus,  neglect  of  the  spatial  variation  of  these  parameters  is  not  a 

reasonable  assumption  for  typical  sample  thickness  (-5  pm)  used  in  recent  ex- 

7 

cite  and  probe  experiments.  Elci  et^  al.  recognized  this  problem,  but,  in  order 
to  simplify  their  initial  calculations,  they  chose  to  view  the  parameters  des- 
cribing the  electron-hole  plasma  as  spatial  averages  throughout  the  sample  volume. 
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Recent  studies  performed  by  Auston  and  Shank  indicate  that  longitudinal 
diffusion  (that  is,  diffusion  along  the  direction  of  light  propagation)  can 
be  important  on  picosecond  time  scales.  In  these  experiments,  the  authors 
first  irradiated  a germanium  sample  near  normal  incidence  with  an  intense 
1.06  pm  picosecond  pulse  that  produced  a large  carrier  density  near  the  sample 
surface.  This  excite  pulse  was  then  followed  by  a weak,  circularly  polarized 
probe  pulse  of  the  same  wavelength.  The  change  in  polarization  of  the  re- 
flected probe  light  was  monitored  by  ellipsometric  techniques  as  shown  in  Fig.  7. 
The  transmission  of  the  ellipsometer  as  a function  of  time  delay  between  excite 
and  probe  pulses  is  shown  in  Fig.  8.  The  transmission  of  the  ellipsometer  is 
proportional  to  the  square  of  the  fractional  change  in  the  index  of  refraction 
|t$n/n|2  induced  by  the  absorption  of  the  excite  pulse,  where  6 n is  the  change 
in  index  and  n the  index  of  refraction.  The  index  change  6n/n,  in  turn,  is 
proportional  to  the  photogenerated  carrier  density.  As  a result,  we  can  see 
from  Fig.  8,  that  the  photogenerated  carrier  density  at  the  sample  surface  is 
reduced  to  half  its  initial  value  in  30  psec  following  excitation.  Auston  and 
Shank  attributed  this  decay  of  the  surface  density  to  a diffusion  of  the  car- 

riers  into  the  sample  bulk,  and  they  deduced  a diffusivity  of  230  cm  sec  x at 

20  -3 

estimated  surface  carrier  densities  of  approximately  10  cm  . This  value  is 
3.5  times  larger  than  the  low  density  ambipolar  diffusion  constant  in  german- 
ium. Using  this  value,  we  would  expect  the  initial  optically-created  carrier 
layer  to  double  its  thickness  in  75  to  100  psec.  Recombination  effects  were 
considered  to  be  negligible  during  these  measurements. 

Auger  Recombination 

In  another  novel  application  of  the  excite  and  probe  technique,  Auston 

4 

et  al.  demonstrated  the  importance  of  Auger  recombination  at  these  densities 


i 

I 


150 


as  well.  They  first  illuminated  a 300  um-thick  slab  of  germanium  with  a 
1.06  um  excite  pulse  creating  a large  carrier  density.  The  decay  of  this 
carrier  density  was  then  probed  by  a second  pulse  at  1.55  ym,  generated  by 
stimulated  Raman  scattering  in  benzene,  as  shown  in  Fig.  9.  A quantum  of  the 
excite  pulse  (1.17  eV)  is  energetic  enough  to  excite  direct  band-to-band  trans- 
itions. The  energy  of  a probe  quantum  (0.8  eV) , on  the  other  hand,  is  less 
than  the  direct  band-gap  energy  but  larger  than  the  indirect  gap  at  L.  Thus , 
the  probe  pulse  can  be  absorbed  as  a result  of  both  indirect,  and  free-car- 
rier  transitions.  At  the  carrier  densities  encountered  in  their  experiments, 
these  authors  judged  the  indirect  absorption  coefficient  to  be  negligible  com- 
pared to  the  free-carrier  coefficient.  A plot  of  the  change  in  absorbance  of 
the  1.55  ym  probe  pulse  as  a function  of  time  delay  after  the  1.06  ym  excite 
pulse  is  shown  in  Fig.  10  for  two  optically-created  carrier  densities  Since 
the  change  in  absorbance  of  the  probe  is  taken  to  be  a measure  of  the  change 
in  the  free  carrier  absorbance  and  since  the  free  carrier  absorption  coeffi- 
cient is  proportional  to  carrier  number.  Fig.  10  directly  displays  the  decay 
of  the  carrier  density.  The  probe  absorbance  decays  significantly  in  the  first 

100  psec  following  excitation,  indicating  the  importance  of  carrier  recombina- 

4 

tion  on  a picosecond  time  scale.  Auston  eli  al_.  attribute  this  decay  to  an 
Auger  process  and  extracted  an  Auger  rate  constant  of  approximately  lO'^cm6 
sec  3 . The  reader  should  note  that  the  carrier  recombination  rate  exhibits 
a cubic  dependence  on  the  carrier  density,  that  is, 

dn/dt  = -Y  n3  , 

A 

where  n is  the  carrier  density  and  y is  the  rate  constant.  A sensitive  esti- 

A 

mate  of  the  rate  constant  requires  a precise  knowledge  of  the  carrier  density. 
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Indirect,  Intervalence-Band,  and  Free-Carrier 
Absorption  and  Auger  Recombination 
At  this  point,  perhaps  we  should  pause  to  summarize  the  state  of  our 
understanding  of  the  origin  of  the  slow  rise  in  probe  transmission  observed  in 
the  early  excite  and  probe  studies  as  discussed  in  Sec.  Ill  and  displayed  in 
Fig.  5.  Originally,  Shank  and  Auston\  attributed  this  rise  in  probe  trans- 
mission to  a saturation  of  the  direct  absorption  as  a result  of  band  filling. 
We  remind  the  reader,  again,  that  this  interpretation  was  based  on  measure- 
ments performed  only  at  room  temperature.  Subsequently,  Elci  et  al_.^  attri- 
buted this  rise  in  probe  transmission  to  a cooling  of  a hot  electron-hole 

plasma  created  by  direct  absorption  of  the  excite  pulse.  Although  the  origi- 

7 

nal  calculations  by  Elci  et  ajL.  are  sound,  time  has  shown  that  the  proposed 
model  (ESSM  model)  has  several  ob jectionable  features  as  detailed  in  the  last 
two  sections:  (1)  uncertainties  in  the  optical  phonon-electron  coupling  con- 
stant, (2)  neglect  of  the  spatially  inhomogeneous  nature  of  the  parameters 
that  characterize  the  carrier  distributions,  and  (3)  the  omission  of  impor- 
tant processes  such  as  diffusion  and  Auger  recombination  from  the  model.  The 
authors  realized  and  stated  at  the  outset  that  their  model  contained  serious 
assumptions  and  approximations  that  warranted  further  study  and  that  the 
model  contained  only  a few  of  the  many  possible  processes.  It  was  hoped, 
however,  that  the  model  would  serve  as  a basis  for  further  study  and  develop- 
ment. 

7 12 

In  sharp  contrast  to  the  interpretation  by  Elci  et  al^  , Auston  et  al . 
stated  that  they  expected  the  energy  relaxation  time  in  germanium  to  be  too 
short  to  account  for  the  rise  in  probe  transmission  shown  in  Fig.  5.  This 
suggestion  is,  of  course,  consistant  with  the  more  detailed  numerical  studies 
presented  by  Latham  ert  a_l . ^ , as  discussed  in  Sec.  II  and  shown  in  Fig.  6. 
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More  importantly,  in  the  spirit  of  suggesting  plausible  alternative  models 

12 

for  evaluation,  Auston  et  al.  stated  that  enhanced  intervalence-band  and 
Coulomb-assisted  indirect  absorption  effects  might  be  important  at  the  high 
photogenerated  carrier  densities  encountered  in  these  excite  and  probe  ex- 
periments. Furthermore,  they  suggested  that  these  processes  might  introduce 
a minimum  in  the  absorption  versus  carrier  density  curve  in  germanium  in 
the  following  way:  The  direct  absorption  coefficient  will  remain  approxi- 
mately constant  as  a function  of  photogenerated  carrier  density  until  the 
density  reaches  the  point  where  the  electrons  (holes)  clog  the  states  needed 
for  direct  electronic  transitions  in  the  conduction  (valence)  band.  At  this 
point,  the  direct  absorption  coefficient  rapidly  decreases.  On  the  other  hand. 
Coulomb-assisted  indirect,  intervalence-band,  and  free-carrier  absorption 
coefficients  monotonically  increase  with  carrier  density.  Thus,  the  absorp- 
tion coefficient  could  initially  decrease  with  increasing  density,  as  the 
direct  absorption  coefficient  saturates  , then  increase  with  increasing  den- 
sity as  the  free-carrier,  intervalence-band  and  indirect  absorption  coeffi- 
cients become  large  enough  to  dominate.  In  a private  communication,  S.  McAfee 
and  D.  H.  Auston  further  explained  how  an  absorption  curve  containing  a mimi- 
mum  could  be  combined  with  Auger  recombination  to  account  for  the  rise  in 
probe  transmission  of  Fig.  5.  Briefly,  the  absorption  of  the  excite  pulse 

creates  an  initial  carrier  density  greater  than  n . , where  n , denotes  the 

mm  min 

density  at  which  the  minimum  total  absorption  coefficient  occurs.  As  the  ini- 
tial photogenerated  carrier  density  is  decreased  in  time  by  Auger  recombination, 
the  absorption  coefficient  of  the  germanium  will  decrease  in  time  until  the 

carrier  density  reaches  n . , then  increase.  Thus,  the  probe  transmission  will 

min 

increase  then  decrease,  if  the  initial  optically-created  carrier  density  is 
greater  than  n . In  direct  contrast  to  the  ESSM  model,  this  interpretation 
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does  not  require  hot  electron  effects.  This  model  does,  however,  require 
a minimum  in  the  absorption  versus  carrier  density  curve. 

Consequently,  we  summarize  and  emphasize  that  there  were  at  this  point 
in  time  at  least  three  possible  explanations  for  the  rise  in  probe  transmis- 
sion with  delay  (see  Fig.  5):  (1)  the  rise  is  caused  by  band-filling  and  is, 
as  a result,  an  integration  effect  that  follows  the  integrated  optical  energy 
of  our  excite  pulse,  (2)  the  rise  is  due  to  a cooling  of  a hot  carrier  distri- 
bution created  by  direct  absorption  of  the  excite  pulse,  or  (3)  the  rise  can 
be  attributed  to  Auger  recombination  combined  with  an  absorption  versus  car- 
rier density  relationship  containing  a minimum. 

14 

In  a recent  work,  Smirl  et  a_l.  have  attempted  to  test  the  first  and 
third  possibilities  listed  above  and  have  a* tempted  to  ascertain  the  impor- 
tance of  free-carrier , intervalence-band,  and  indirect  absorption  effects  in 

excite  and  probe  experiments  at  1.06  pm.  The  experimental  configuration  used 

4 

in  these  studies  is  similar  to  that  used  by  Auston  et  al.  and  is  shown  in 
Fig.  11.  The  excite  pulses  used  here  were  approximately  10  psec  in  duration 

Q 

and  had  peak  powers  of  approximately  10  W at  a wavelength  of  1.06  vim,  and 

-2  2 

they  produced  a measured  ir radiance  of  approximately  10  J/cm  when  focused 
on  the  crystal  surface.  The  plasma  produced  by  the  absorption  of  the  excite 
pulse  was  probed  using  weak  pulses  of  two  types:  one  at  1.06  pm  had  a photon 
energy  greater  than  the  direct  band-gap  energy  for  germanium,  and  the  other 
at  1.55  pm  had  an  energy  less  than  the  direct  gap  but  greater  than  the  indirect 
gap.  The  latter  probe,  at  a wavelength  of  1.55  pm,  was  generated  by  stimulated 
Raman  scattering  in  benzene.  We  emphasize  that  the  energy  of  a quantum  at  1.06  pm 
(1.17  eV)  is  sufficient  to  excite  direct  band-to-band  transitions  in  germanium 
as  well  as  free-carrier,  intervalence  band,  and  indirect  transitions;  whereas,  the 
energy  of  a quantum  at  1.55  pm  (0.08eV)  falls  below  the  direct  gap  and  is  only 
a measure  of  the  combined  free-carrier,  intervalence-band  and  indirect  processes. 
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Smirl  et  al^.  performed  three  separate  measurements . In  the  first 
of  these,  they  carefully  repeated  the  measurements  by  Smirl  et  al.5  (Fig.  5) 
of  the  transmission  of  a 1.06  ym  probe  pulse  as  a function  of  time  delay  after 
an  intense  1.06  ym  excite  pulse  for  sample  temperatures  of  100  K and  295  K. 

The  original  measurements  of  Smirl  et  al. 5 were  repeated  so  that  the  authors 
could  more  carefully  investigate  the  possibility  that  the  rise  in  probe 
transmission  follows  the  integrated  excite  pulse  autocorrelation  function. 

The  rises  in  probe  transmissions  for  the  two  sample  temperatures  are  care- 
fully compared  to  a calculated  integration  curve  in  Fig.  12,  assuming  an  opti- 
cal pulsewidth  of  10  psec.  The  authors  concluded  from  this  comparison  that 
the  experimental  rise  in  probe  transmission  at  295  K was  indistinguishable 
from  an  integration  effect,  in  agreement  with  the  original  interpretation  of 
room  temperature  data  by  Shank  and  Auston.^  However,  the  rise  at  100  K 
is  much  slower  than  the  integration  curve  or  the  rise  at  295  K and  cannot  be 
attributed  to  such  artifacts;  it  represents  a physical  effect.  For  the  remain- 
der of  this  seminar,  the  rise  in  probe  transmission  at  100  K will  be  the  object 
of  our  discussion. 

Next,  the  authors  measured  the  transmission  of  a thin  germanium  sample  at 
1.55  and  1.06  ym  as  a function  of  optically-created  carrier  densities  as  shown 
in  Fig.  13.  The  data  were  obtained  in  the  following  manner.  The  crystal  was 
illuminated  by  variable  energy  pulses  with  a wavelength  of  1.06  ym.  Each 
pulse  at  1.06  ym  was  followed  immediately  at  a fixed  delay  by  pulses  that 
monitored  the  absorbance  of  the  crystal  at  wavelengths  of  1.55  ym  and  1.06  ym. 

The  optical  absorbance  at  1.17  eV  is  seen  to  decrease  by  approximately  3.5  as 
the  carrier  number  increases.  By  contrast  the  absorbance  at  0.8  eV  increases 
roughly  by  2.3.  Over  the  range  of  densities  encountered  in  these  experiments, 
the  absorption  versus  density  relationship  at  1.17  eV  does  not  exhibit  a minimum. 
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Thus,  a temporal  decay  of  the  carrier  density  alone  cannot  be  combined  with 
this  absorption  versus  density  relationship  to  account  for  the  rise  in  probe 
transmission  at  1.06  vim  exactly  as  we  discussed  earlier.  In  addition,  these 
measurements  indicate  that  the  combined  f ree-carrier , intervalence-band,  and 
indirect  absorbance  changes  are  opposite  in  sign  and  smaller  in  magnitude  than 
changes  caused  by  saturation  of  the  direct  absorption.  As  a result,  the  authors 
concluded  that  the  decrease  in  absorbance  at  1.06  ym  with  increasing  carrier 
number  is  dominated  by  a saturation  of  the  direct  absorption  coefficient;  how- 
ever, the  rate  of  this  decrease  in  absorbance  is  slowed  by  the  contributions 
of  these  "other"  processes  that  are  opposite  in  sign.  Note  that,  when  compar- 

5 

ing  the  data  discussed  here  (Fig.  13)  with  the  earlier  data  by  Smirl  et  al . 

(Fig.  4) , one  must  realize  that  the  sample  thickness  and  focused  optical  spot 
sizes  are  not  identical. 

14 

Finally,  Smirl  et  aJL.  measured  the  temporal  evolution  of  the  absorbance 
of  a 1.55  ym  probe  pulse  as  a function  of  time  delay  after  an  intense  excite 
pulse  at  1.06  ym.  In  this  experiment,  the  sample  was  irradiated  by  an  opti- 
cal pulse  at  1.06  ym  containing  roughly  2 x lO'*'^  quanta  (corresponding  to 

-2  2 

surface  energy  density  of  -10  J/cm  ) and  was  probed  by  a weak  pulse  having  a 

wavelength  of  1.55  ym  (See  Fig.  14).  The  results  of  these  probe  measurements 

4 4 

are  similar  to  those  obtained  by  Auston  et:  a_l.  However,  Auston  eit  al^.  stated 
that  they  performed  their  measurements  at  excite  intensities  such  that  the  ab- 
sorption of  the  excite  pulse  was  linear . These  experiments  were  clearly  per- 

4 

formed  in  the  nonlinear  region.  In  addition,  the  measurements  of  Auston  et  al . 
were  performed  on  a 300  ym-thick  sample,  our  sample  was  6 ym  thick.  The  measure- 
ments presented  in  Fig.  14  indicate  that  f ree-carrier , intervalence-band,  and 
indirect  absorption  can  be  significant  at  the  carrier  densities  encountered 

4 

during  excite  and  probe  experiments  described  here.  Recall  that  Auston  et  al. 
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attributed  the  decrease  in  probe  pulse  absorbance  at  1.55  ym  shown  in  Fig.  10 
to  a decrease  in  free-carrier  absorption  caused  by  a temporal  decay  in  car- 
rier density  due  to  Auger  recombination.  The  experiments  that  we  have  just 
described  only  allow  the  measurement  of  the  change  in  the  combined  free-car- 
rier, intervalence-band  and  indirect  absorbance,  and  they  do  not  provide  for 
a convenient  separation  of  the  individual  contributions. 

Summarizing  the  results  of  the  measurements  described  in  the  previous 
three  paragraphs,  we  conclude  that  the  rise  in  probe  transmission  during  the 
1.06  ym  excite  and  1.06  ym  probe  experiments  at  100  K is  not  an  integration 
effect  (i.e.  not  a simple  band  filling)  and  that  it  cannot  be  attributed  to 
free-carrier,  intervalence-band,  and  Coulomb-assisted  transitions  combined  with 
Auger  recombination.  The  contributions  of  these  latter  processes  are  signifi- 
cant, however,  and  they  must  be  accounted  for  by  any  successful  model.  Unfor- 
tunately, the  measurements  described  here  yielded  no  direct  information  concern- 
ing carrier  distribution  temperatures  or  energy  relaxation  rates,  and  the  question 
of  attributing  the  rise  in  1.06  ym  probe  transmission  to  a cooling  of  a hot  car- 
rier plasma  created  by  the  excite  pulse  remains  unresolved. 

Having  rejected  two  of  the  three  possible  explanations  for  the  probe  trans- 
mission listed  earlier  and  with  the  other  explanation  all  but  rejected,  to  what 
do  we  attribute  this  rise  in  probe  transmission?  Recent  suggestions  are  reviewed 
in  the  next  two  sections. 
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IV . HOT  PHONONS 

As  we  recall  from  our  discussion  of  the  work  of  Latham  et  the 

physical  constants  for  germanium  are  not  well  enough  known  to  allow  a pre- 
cise calculation  of  the  energy  relaxation  rate.  For  theoretical  fits  to 

7 

experiment  by  Elci  et.  al^.  (Fig.  5)  , the  optical  phonon-electron  coupling 

-4  -1 

constants  were  chosen  as  6 x 10  erg-cm  for  a lattice  temperature  of  297 
•4  -1 

K and  2 x 10  erg-cm  at  100  K.  These  values  are  within  the  accepted  theo- 


retically and  experimentally  determined  values  listed  by  Latham  et  al 
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however,  they  are  much  lower  than  the  mean  value  of  1 x 10  ^ erg-cm  ^ as 

obtained  from  an  average  of  the  eight  values  listed.  In  fact,  as  we  have 

seen  (Fig.  6) , a repetition  of  the  original  calculations  substituting  the 

average  phonon-electron  coupling  constant  shows  that  carrier  cooling  is  too 

rapid  to  account  for  the  rise  in  probe  transmission,  in  complete  agreement 

with  the  statements  of  Auston  et  al . ^ 

16 

However,  van  Driel  has  recently  calculated  the  influence  of  hot  pho- 
nons on  the  carrier  energy-relaxation  rate  in  these  problems.  In  his  cal- 
culations, van  Driel  adopted  the  ESSM  model  and  extended  it  to  include  opti- 
cal phonon  heating  effects.  Briefly,  the  modified  picture  for  the  probe 
transmission  is  as  follows.  Just  as  in  the  ESSM  model,  the  carriers  gener- 
ated by  the  absorption  of  the  excite  pulse  cool  by  emitting  optical  phonons 

with  a characteristic  relaxation  time  x , where  x is  determined  by  using  the 

e e 

average  phonon-electron  coupling  constant.  Since  these  phonon- assisted  elec- 
tronic transitions  are  intraband,  they  occur  between  states  separated  by 
small  wavevectors.  Consequently,  the  optical  phonons  emitted  during  these 
transitions  also  have  a short  wavevector  and  are  located  near  the  center  of 
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the  Brillouin  zone.  Van  Driel  estimated  that  approximately  10  of  the 

19 

volume  of  the  Brillouin  zone  is  involved  in  hot  carrier  relaxation.  As  10 

. 3 

carriers/cm  relax  within  the  conduction  bands  (each  one  emitting  approxi- 
mately 15  optical  phonons) , an  enormous  number  of  these  short  wavevector 
optical  phonons  is  created.  These  short  wavevector  optical  phonons  are 
believed  to  decay  into  two  long  wavevector  acoustic  phonons  in  a characteristic 

time  t . This  decay  brings  the  optical  phonons  into  equilibrium  with  the 
P 

lattice.  This  simplified  picture  is  illustrated  in  Fig.  15.  The  optically- 

created  carriers  give  their  excess  energy  to  the  optical  phonon  reservoir 

with  a characteristic  time  x^;  the  optical  phonon  reservoir,  in  turn,  gives 

its  excess  energy  to  the  lattice  with  a time  constant  x . As  we  discussed 

P 

in  L14 , the  optical  phonon  lifetime  for  germanium  at  77  K is  10  psec.  This 
lifetime  is  relatively  long  compared  to  x^  when  a single  average  temperature- 
independent  optical  phonon-electron  coupling  constant  is  employed.  This  re- 
sults in  a relaxation  bottleneck  for  the  hot  carriers  due  to  the  buildup  of 
the  optical  phonon  population  on  a picosecond  time  scale . 

The  results  of  these  calculations,  taking  into  account  optical  phonon 
heating  and  using  the  average  phonon-electron  coupling  constant,  are  shown 
as  solid  curves  in  Fig.  16.  Note  that  the  inclusion  of  hot  phonons  accounts 
for  one  of  the  major  discrepancies  between  the  original  theory  and  experiment. 
Namely,  in  contrast  to  the  original  theory  that  predicted  a delayed,  steep 
rise  (dotted  curve.  Fig.  16) , the  present  theory  shows  a steep  rise  with  gra- 
dual leveling  off  in  agreement  with  the  data.  The  solid  curves  in  Fig.  16 

16 

were  taken  from  van  Driel.  The  agreement  between  the  modified  theory  and 
experiment  is  remarkable;  however,  this  should  be  regarded  as  somewhat  for- 
tuitous in  view  of  the  simplifications  of  the  model,  the  limited  number  of 
processes  included,  and  the  uncertainty  in  some  of  the  physical  constants. 


V.  THE  RELAXATION-DIFFUSION- RECOMBINATION  MODEL 

In  previous  sections,  we  have  reviewed  evidence  that  some  of  the  assump- 
tions included  in  the  early  ESSM  model  are  not  well  justified.  For  example, 

2 

the  experiments  by  Auston  and  Shank  (Fig.  8)  clearly  indicate  that  the  car- 
rier density  is  inhomogeneous ly  distributed  throughout  the  interaction  volume 
of  the  germanium  sample  and  that  diffusion  is  important  on  picosecond  time 
scales.  By  contrast,  the  ESSM  model  had  assumed  that  all  parameters  charac- 
terizing the  electron  and  hole  distributions  were  functions  of  time  only,  in- 
dependent of  spatial  coordinates,  and  all  diffusion  effects  were  neglected. 

4 14 

In  addition,  studies  by  Auston  et_  al.  and  Smirl  et  al_.  have  demonstrated 
that  processes  originally  omitted  from  the  ESSM  model  such  as  Auger  recombina- 
tion and  intervalence  band  absorption  are  important.  And,  finally,  studies  by 

10  7 

Latham  £t  al^.  have  shown  that  the  values  chosen  by  Elci  et  al^.  for  the  opti- 
cal phonon-electron  coupling  constant  were  extreme. 

Recently,  Leung'*’ ^ has  modified  and  extended  the  original  ESSM  model  to 
remove  most  of  these  objections.  In  this  model,  he  (1)  allowed  all  parameters 
characterizing  the  electron  and  hole  distributions  to  depend  on  both  spatial 
coordinates  and  time,  (2)  used  an  optical  phonon-electron  coupling  constant 
approximately  equal  to  the  mean  value  determined  by  averaging  the  values  listed 
by  Latham  et_  al_.  ^ , and  (3)  included  the  effects  of  intervalence  band  absorption 
and  Auger  recombination.  Hot  phonon  effects  were,  however,  neglected.  As  we 

shall  now  discuss,  this  model  leads  to  a radically  different  interpretation 

7 

for  the  rise  in  probe  transmission  from  that  proposed  by  Elci  et  aK  This 
model  is  briefly  reviewed  in  the  following  paragraphs. 

Just  as  in  the  ESSM  model,  the  direct  absorption  of  the  excite  pulse 
creates  a large  density  of  electrons  (holes)  in  the  central  valley  of  the 
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conduction  (valence)  band.  The  electrons  are  rapidly  scattered  to  the  con- 
duction band  side  valleys  by  long  wavevector  phonons.  Carrier-carrier  scat- 
tering events,  which  occur  at  a rate  comparable  to  the  direct  absorption 
rate,  ensure  that  the  carrier  distributions  are  Fermi-like.  Since  the  ex- 
cite pulse  photon  energy  (1.17  eV)  is  greater  than  either  the  direct-gap 
energy  (0.8  eV)  or  the  indirect  gap  energy  (0.7  eV) , such  a direct  absorp- 
tion event  followed  by  the  scattering  of  an  electron  to  the  side  valleys 
results  in  the  electron  giving  an  excess  energy  of  approximately  0.5  eV  to 
thermal  agitation.  As  a result,  absorption  of  the  excite  pulse  results  in 
the  generation  of  a huge  carrier  distribution  with  an  initial  distribution 
temperature  greater  than  the  lattice  temperature.  Other  processes  such  as 
free-carrier  absorption  and  nonradiative  recombination  can  raise  the  carrier 
temperature  during  passage  of  the  excite  pulse,  while  phonon-assisted  carrier 
relaxation  processes  can  reduce  the  carrier  temperature.  So  far,  the  descrip- 
tion of  the  carrier  evolution  during  the  period  the  excite  pulse  is  present 
in  the  sample  is  identical  to  that  given  in  L14  for  the  ESSM  model.  The 
present  model  differs  in  two  respects.  First,  the  inclusion  of  intervalence 
band  absorption  results  in  additional  carrier  heating  effects  as  electrons 
are  induced  to  make  transitions  from  the  split-off  valence  band  to  the  light- 
hole  and  heavy-hole  bands.  Second,  the  carrier  density,  temperature,  and  Fermi 
energies  are  strongly  dependent  on  longitudinal  position  within  the  semiconduc- 
tor sample.  For  example,  a typical  plot  of  the  carrier  density  as  a function 
of  longitudinal  position  immediately  following  excitation  is  shown  as  a solid 
line  in  Fig.  17. 

Xnmediately  following  the  passage  of  the  excite  pulse,  the  interaction 
region  of  the  sample  contains  a large  number  of  carriers  with  a high  distribu- 


tion temperature.  The  final  number  and  temperature  are  complicated  functions 
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of  position  as  determined  by  the  relative  strengths  of  direct  absorption, 
nonradiative  recombination,  intervalence  band  absorption  and  phonon-assisted 
relaxation  rates.  Experimentally,  the  probe  pulse  interrogates  the  evolution 
of  the  distribution  after  the  passage  of  the  excite  pulse,  and  its  transmis- 
sion is  a sensitive  measure  of  whether  the  optically-coupled  states  are  avail- 
able for  absorption  or  are  occupied.  The  probe  pulse  transmission  versus 
time  delay  (Fig.  5)  can  be  understood  in  the  following  way.  Initially,  after 
the  passage  of  the  excite  pulse,  the  probe  transmission  is  small  since  the 
electrons  (holes)  are  located  high  ( iow)  in  the  conduction  (valence)  bands 
because  of  the  high  distribution  temperature,  leaving  the  states  that  are 
optically  coupled  available  for  direct  absorption.  As  the  carrier  distribu- 
tion temperature  cools  and  carriers  fill  the  states  needed  for  absorption, 
the  transmission  increases.  In  contrast  to  the  ESSM  model,  however,  here 
the  phonon- assisted  relaxation  is  extremely  rapid.  For  an  optica)  phonon- 
electron  coupling  constant  of  10  ^ erg-cm  \ the  energy  relaxation  time  of 
the  carrier  distribution  is  estimated  to  be  less  than  10  psec.  Consequently, 
the  electron  and  hole  distributions,  while  still  spatially  inhomogeneous, 
have  cooled  to  lattice  temperatures  within  5 to  10  psec  following  excitation. 
As  a result,  any  initial  rise  in  probe  transmission  as  a result  of  hot  car- 
rier relaxation  will  be  too  rapid  to  account  for  the  protracted  rise  displayed 
in  Fig.  5.  Diffusion  is  a slow  process  on  a time  scale  of  10  psec. 

For  longer  delay  times  (greater  than  10  psec) , longitudinal  carrier  dif- 
fusion is  a dominant  process  in  determining  the  evolution  of  the  probe  pulse 
transmission.  Specifically,  for  large  carrier  densities,  according  to  Leung's 
calculations1-7,  longitudinal  diffusion  can  cause  a rise  in  the  probe  transmis- 
sion. This  may  seem  surprising  at  first,  but  it  can  be  understood  by  consid- 
ering a simple  schematic  of  the  diffusion  process,  such  as  the  one  shown  in 


162 


Fig.  18.  Since  the  carrier  number  remains  constant,  the  probe  pulse  "sees" 
the  same  total  number  of  carriers  regardless  of  time  delay.  As  time  pro- 
gresses, however,  the  carriers  diffuse  into  the  sample  bulk  as  illustrated 
in  Fig.  17.  At  first  one  might  guess  that  this  would  reduce  the  carrier 
density  and,  thereby,  free  the  states  near  the  front  surface  of  the  sample 
for  direct  absorption  of  the  probe.  However,  recall  that  the  states  that 
are  resonant  with  the  probe  transmission  are  localized  to  narrow  regions 
in  the  conduction  and  valence  bands.  As  a result,  not  all  carriers  are  ef- 
fective in  filling  these  optically-coupled  states  and  preventing  absorption. 

The  total  number  of  carriers  effective  in  preventing  absorption  can  be  al- 
tered by  diffusion  as  illustrated  in  Fig.  18.  If  the  carrier  density  near 
the  front  sample  surface  is  large,  as  the  carriers  migrate  from  this  region, 
they  can  fill  the  states  needed  for  absorption  away  from  the  front  surface 
without  depleting  the  optically-coupled  states  near  the  surface.  The  num- 
ber of  carriers  in  the  sample  effective  in  preventing  absorption  increases 
and  the  probe  transmission  will  rise.  Note,  however,  that  if  the  initial 
density  is  small  in  the  front  region,  diffusion  will  decrease  the  carriers 
effective  in  preventing  absorption  in  the  front  region  without  significantly 
increasing  the  effective  density  in  the  back;  probe  transmission  will  decrease. 
Thus,  depending  on  the  initial  carrier  density,  longitudinal  (along  the  direc- 
tion of  light  propagation)  diffusion  can  cause  a rise  or  fall  in  probe  trans- 
mission. In  this  model,  then,  the  slow  rise  in  probe  transmission  is  attributed 
to  a diffusion  of  the  photogenerated  carriers  from  the  front  sample  surface 
into  the  sample  bulk,  in  direct  contrast  to  the  original  interpretation  of 
the  ESSM  model.  Note,  however,  that  the  high  carrier  temperature  still  plays 
a key  role  during  the  generation  of  the  carrier  distribution  as  a result  of 
the  absorption  of  the  excite  pulse.  In  this  model  the  slow  fall  in  probe 


transmission  for  much  longer  delays  is  attributed  to  a reduction  in  carrier 
density  as  a result  of  Auger  recombination. 
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A comparison  of  the  calculations  of  Leung  to  the  probe  pulse  transmis- 
sion data  of  Smirl  et  al^.  ^ is  shown  in  Fig.  19.  Again,  as  with  the  hot  pho- 
non model  of  the  last  section,  the  agreement  between  theory  and  experiment 
is  excellent.  And,  again,  we  feel  that,  given  the  complexity  of  the  model, 
the  agreement  must  be  considered  somewhat  fortuitous.  Measurements  that  at- 
tempt to  determine  which,  if  either,  of  these  two  proposed  models  is  correct 
are  in  progress. 


I 
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VI . SUMMARY 
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In  this  seminar,  we  have  described  experiments  that  attempt  to  measure 

the  evolution  of  electronic  processes  in  germanium  with  a time  resolution 
-12 

approaching  10  sec.  In  Sec.  II,  we  surveyed  experiments  that  measured 
the  saturation  and  relaxation  of  the  germanium  transmission  at  high  photo- 
generated carrier  densities.  These  measurements  are  important  because  they 
have  the  potential  of  yielding  direct  information  on  the  ultrafast  relaxa- 
tion of  optically-created  hot  carriers.  However,  as  we  have  stressed  through- 
out, investigators  have  been  unable  to  provide  a clear,  unique  interpretation 
of  these  experiments,  since  so  many  competing  processes  are  simultaneously 
active.  For  example,  workers  have  been  unable  to  unambiguously  attribute 
the  rise  in  probe  transmission  to  a single  process . 

In  Sec.  Ill,  we  reviewed  experiments  that  provided  information  on  dif- 
fusion, nonradiative  recombination,  and  the  combined  effects  of  free  carrier, 
intervalence-band,  and  Coulomb- assisted  indirect  absorption  at  high  carrier 
densities.  These  measurements  are  interesting  in  two  respects.  First,  they 
illustrate  that  by  proper  choice  of  the  experimental  configuration  one  can 
isolate  and  identify  the  contributions  of  single  processes,  and,  second, 
they  provide  the  opportunity  to  study  these  processes  on  a picosecond  time 
scale  and  in  the  absence  of  impurity  effects.  The  studies  reviewed  here 
clearly  indicate  that  picosecond  techniques  have  matured  to  the  point  of  pro- 
viding precise  quantitative  information  concerning  ultrafast  processes  in 
semiconductors. 

In  Sec.  IV  and  Sec.  V,  we  summarized  recent  attempts  to  assemble  the 
information  provided  by  the  experimental  studies  of  Sec.  II  and  Sec.  Ill  into 
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r a single  theoretical  model  that  describes  the  generation  and  evolution  of 

the  electron-hole  plasma  during  and  following  excitation  with  a single  pico- 
second pulse  at  1.06  um.  To  date  no  single,  palatable  description  of  the 
evolution  of  the  carrier  distributions  has  emerged.  Further  experimental 
studies  are  needed  to  substantiate  or  reject  the  two  models  reviewed  here. 

In  conclusion,  the  reader  should  note  that  we  have  made  no  effort  to 
provide  a complete  review  of  picosecond  studies  in  semiconductors.  Further 

information  concerning  this  subject  can  be  found  in  a recent  review  article 
19 

by  von  der  Linde  and  in  the  Proceedings  of  the  First  International  Confer- 

20 

ence  on  Picosecond  Phenomena.  In  particular,  the  reader  should  be  aware 

21  22 

of  the  recent  work  performed  by  Shank  et  al^.  and  von  der  Linde  and  Lambrich 
in  GaAs.  These  studies  provide  picosecond  time-resolved  measurement  of  hot- 
carrier  relaxation,  band-gap  narrowing,  and  screening  effects  in  GaAs,  and 
they  represent,  in  our  opinion,  some  of  the  best  experimental  picosecond  semi- 
conductor studies  to  date.  Finally,  we  comment  that  the  recent  development 
of  continuous  subpicosecond  mode-locked  dye  laser  systems  has  eliminated  many 
of  the  data  acquisition  problems  detailed  in  the  introduction  of  this  seminar. 
However,  because  these  systems  are  relatively  new  and  because  high  intensity 
systems  are  presently  expensive  to  construct,  Nd-glass  and  Nd-YAG  systems  are 
still,  at  this  point,  the  most  readily  available  to  workers  in  the  field. 

This  work  was  supported  by  the  Office  of  Naval  Research  and  the  North  Texas 
State  University  Faculty  Research  Fund. 
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FIGURE  CAPTIONS 


Figure  1.  Nonlinear  transmission  of  an  8-ym-thick  germanium  wafer  versus 

incident  optical  pulse  energy  at  a wavelength  of  1.06  urn  in  units 
of  quanta  (from  Kennedy  et  al_.  1)  . 

Figure  2.  Probe  pulse  transmission  versus  time  delay  between  the  excite 

pulse  at  1.06  ym  and  the  probe  pulse  at  1.06  pm  for  a sample  tem- 
perature of  80  K.  The  data  are  plotted  as  the  normalized  ratio 
of  probe  pulse  transmission  to  excite  pulse  transmission  Tp/T  , 
in  arbitrary  units  (from  Kennedy  et  a^L. *■)  . E 

Figure  3.  Probe  pulse  transmission  as  a function  of  relative  time  delay 

between  excite  and  probe  pulses  at  room  temperature  (from  Shank 
and  Auston5) . 

Figure  4.  Transmission  of  a 5.2-ym-thick  germanium  sample  as  a function  of 
incident  quanta  at  1.06  urn  for  sample  temperatures  of  100  K and 
297  K.  The  solid  lines  are  theoretical  curves  from  Elci  et  al. 7 
The  data  are  from  Smirl  et  al. 5 

Figure  5.  Probe  pulse  transmission  versus  delay  between  the  excite  pulse 

at  1.06  ym  and  the  probe  pulse  at  1.06  ym  for  sample  temperatures 
of  100  and  297  K.  The  data  are  plotted  as  the  normalized  ratio 
of  probe  pulse  transmission  to  excite  pulse  transmission,  T /T  , 
in  arbitrary  units.  The  solid  lines  are  theoretical  curves  from 
Elci  et  al^. ^ The  experimental  data  are  from  Smirl  ot  al.5 

Figure  6.  Instantaneous  probe  transmission  as  a function  of  relative  time 

delay  between  probe  and  excite  pulses  for  several  values  of  the  ^ 
optical  phonon-electron  coupling  constant,  Qo  (from  Latham  et  al . ) . 

Figure  7.  Picosecond  ellipscmeter  used  to  measure  the  time  evolution  of  opti- 
cally generated  electron-hole  plasmas  in  germanium,  where  PP  denotes 
a polarizing  prism,  X/4  a quarter  waveplate  (from  Auston  and  Shanky) . 

2 

Figure  8.  Ellipscmeter  transmission,  ATa | <5n/n | , versus  time  delay  between 
carrier  generation  by  absorption  of  the  excite  pulse  and  probe 
pulse  (from  Auston  and  Shank2). 

Figure  9.  Schematic  diagram  of  experimental  apparatus  used  for  the  measurement 
of  Auger  recombination.  The  excite  pulse  was  at  1.06  ym  and  the 
probe,  generated  by  stimulated  Raman  scattering  in  Benzene,  was  at 
1.55  ym  (frcm  Auston  et  al.4) . 


Figure  10.  The  change  in  free-carrier  absorbance  as  a function  of  time  delay 
between  the  excite  pulse  at  1.06  ym  and  the  probe  pulse  at  1.55  ym 
for  two  carrier  densities  no  w - 

mission  before  excitation  (from  Auston  et  al.4) . 


Q.  Here,  TQ  represents  the  sample  trans- 
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Figure  11.  Block  diagram  of  the  experimental  configuraton  for  excite  and 
probe  measurements  at  1.06  and  1.55  ym,  where  MLL  denotes  the 
mode-locked  laser,  EOS  the  electro-optical  switch,  A the  laser 
amplifier,  SRS  the  stimulated-Raman-scattering  cell,  M a mirror,  ^ 

D a detector,  LI  and  L2  lens,  and  S the  sample  (from  Smirl  et_  ad.  ) . 

Figure  12.  Normalized  probe  pulse  transmission  in  arbitrary  units  versus  de- 
lay between  the  excite  pulse  at  1.06  um  and  the  probe  pulse  at 
1.06  ym  for  sample  temperatures  of  100  and  295  K.  The  solid  line 
represents  a theoretical  integration  curve  assuming  Gaussian-shaped 
optical  pulses  of  10  psec  width  (from  Smirl  et  al.^-4)  . 


Figure  13.  Change  in  absorbance,  -£n  (T/T0) , of  a 6-ym-thick  germanium  sample 
at  1.06  ym  and  1.55  pm  as  a function  of  incident  excite  pulse  en- 
ergy at  1.06  ym,  where  TQ  is  the  linear  transmission  of  the  sample 
at  the  wavelength  under  consideration.  Note  that  an  excite  pulse 
energy  of  2 x 10  ^ quanta  corresponds  to  an  incident  energy  density 
of  approximately  10-2J/cm2  (from  Smirl  et  al^.l4)  . 

Figure  14.  Change  in  probe  pulse  absorbance,  -£n  (T/T0) , versus  delay  between 
the  excite  pulse  at  1.06  ym  and  the  probe  pulse  at  1.55  ym,  where 
T0  is  the  linear  transmission  of  the  probe  pulse  at  1.55  ym  (from 
Smirl  et  al. 14)  . 


Figure  15.  Schematic  diagram  illustrating  the  relaxation  of  hot  electrons  by 
the  emission  of  optical  phonons  and  the  subsequent  decay  of  the 
optical  phonons  into  acoustic  phonons  (from  van  Driel15) . 


Figure  16.  Probe  pulse  transmission  versus  delay  between  the  excite  pulse  at 
1.06  ym  and  the  probe  pulse  at  1.06  ym  for  sample  temperatures  of 
100  and  297  K.  The  data  are  plotted  as  the  normalized  ratio  of 
probe  pulse  transmission  to  excite  pulse  transmission,  Tp/T^,  in 
abritrary  units.  The  dashed  lines  are  theoretical  curves  from 
Elci  et_  a_l.2  The  solid  lines  are  theoretical  curves  from  van  Driel 
The  experimental  data  are  from  Smirl  et  al.5 


Figure  17.  The  spatial  variation  of  the  carrier  density  as  a function  of  longi- 
tudinal position  z and  time  after  excitation  in  a 5.2  ym-thick  ger- 
manium sample  (from  Leung17) . 

Figure  18.  Schematic  of  the  diffusion  process  (from  Elci  et  al . . 

Figure  19.  Probe  pulse  transmission,  in  arbitrary  units,  as  a function  of  re- 
lative time  delay  between  the  excite  pulse  at  1.06  ym  and  the  probe 
pulse  at  1.06  ym  for  sample  temperatures  of  100  K and  298  K.  The 
experimental  data  are  from  Smirl  et  £l.5  The  solid  lines  are  theo- 
retical curves  from  Leung17. 
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